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ABSTRACT 
Novel communities, defined as collections of species that do not share an 
evolutionary history, are becoming increasingly common.  Understanding how they impact 
community dynamics is important for preserving historical communities as well as predicting 
community structure in the future. Exotic species spread as well as global climate change 
leads to new species assemblages and interactions. Here, I examine in perennial grasslands, 
the impacts of novel plant communities on (1) community assembly and priority effects and 
how differences between native and novel species interact with water variability, (2) 
community diversity maintenance and how species diversity decline is associated with niche 
overlap or equalizing and stabilizing mechanisms, and (3) soil legacy effects of native and 
novel communities.  
In Chapter 2, I present results from a greenhouse experiment that used native and 
novel species pairs to look how priority effects and water variability impacted community 
establishment. Native species had weaker priority effects than their exotic counterparts 
regardless of water variability. Additionally, the timing of water variability treatments altered 
priority effects, which were stronger when the growing season began dry.  
In Chapter 3, I test mechanisms behind diversity maintenance in native and exotic 
communities.  I show that high temporal overlap in exotics drive diversity decline, as well as 
low canopy height overlap suggesting exotics increase asymmetrical competition and 
highlighting the importance of equalizing mechanisms for diversity maintenance in native 
communities.  
In Chapter 4, I use a bioassay to determine differential soil legacy effects of native 
and novel experimental communities. I examined previous biomass (correlated with nutrient 
x 
depletion), microbial community differences and functional groups to determine possible 
mechanisms behind legacy effects. Exotic communities showed larger soil legacy effects that 
lowered germination the following season, and legacy effects were most associated with the 
previous dominant species functional group.  Exotic legumes caused the largest negative 
effects on growth the following growing season, suggesting possible allelopathy.  
In conclusion, I find that novel communities can alter community assembly, diversity 
maintenance and legacy effects in central U.S grasslands. Early arriving exotic plant species 
suppress native species from establishing from seed, lower species diversity and leave behind 




CHAPTER 1.    GENERAL INTRODUCTION 
Novel Communities 
 
As species are moved across the world, they form novel communities (Milton, 2003; 
Hobbs et al., 2006). Novel ecosystems are defined by Hobbs et al. (2006) as groups of 
species which “occur in combinations and relative abundances that have not occurred 
previously within a given biome”. These communities are composed of groups of organisms 
with no evolutionary history. Historically, we think about communities as groups of 
organisms that coexist in a common environment (Morin, 2011). Native species have 
typically coexisted for hundreds or thousands of years (Baker et al., 1996; Edwards et al., 
2010), and over time, have evolved in response to each other increasing character 
displacement (Macarthur and Levins, 1967; Dayan and Simberloff, 2005). However, as 
species move, whether due to climate change, anthropogenic influences, or accidental 
introduction, novel assemblages form with potentially new interactions (Hobbs et al., 2006).  
Climate change has and is causing many species to shift ranges and move into new 
environments as species are forced to deal with changing environmental conditions. Climate 
change is predicted to cause shifts in temperature, precipitation and extreme weather events 
(Kharin et al., 2007; Allan and Soden, 2008; Berg et al., 2013) creating new environmental 
filters. These changes can lead to the loss of certain species that no longer are well suited to 
the environment (Willis et al., 2008). Climate change can lead to completely novel climates 
compared to what we see today (Williams et al., 2007), causing questions as to what sorts of 
novel and unforeseen communities may emerge (Williams and Jackson, 2007; Fitzpatrick 
and Hargrove, 2009). Understanding novel interactions in new species assemblages is 
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necessary in order to predict how communities will reform following abiotic changes 
(Gilman et al., 2010). 
Changing environments such as increasing urban habitats has led to new abiotic 
conditions and novel community formation (Hobbs et al., 2006; Kowarik, 2011). Cities 
create novel environments where species are forced to adapt or select for species that can 
survive (Knapp et al., 2009). Urban ecosystems have impacts in land use and cover, 
biogeochemical cycles, climate, hydrology and biodiversity  (Grimm et al., 2008). Species 
richness and evenness are often lowered  following the development of cities and urban areas 
(Grimm et al., 2008), although plant richness and evenness can increase since humans often 
control plant populations and create new communities (Hope et al., 2003; Kühn et al., 2004). 
Bird communities also maintain moderate levels of diversity with increased edge effects and 
a trend towards granivorous species (Chace and Walsh, 2006).  
Many landscapes have been altered, increasing the number of novel environments 
(Kowarik, 2011). Humans have increased habitat fragmentation, forming barriers or corridors 
which can be positive or negative depending on species and patch characteristics (Robinson 
et al., 1992; Fahrig, 2003). Management practices have changed environments and 
disturbance events through fire suppression and changes in grazing (Hobbs and Huenneke, 
1992). In the Great Plains, the loss of Bison bison (North American bison) lowered prairie 
heterogeneity due to both a loss of grazing and disturbance activities such as wallowing 
(Knapp et al., 1999) and interactions with fire regimes (Vinton et al., 1993). Agricultural 
land use creates novel environments with differing community assemblages than surrounding 
habitats (Heroldová et al., 2007). 
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The anthropogenic introduction of exotic species around the world has also helped 
create many novel communities (Vitousek et al., 1996). As humans colonized new areas, 
they brought plants and animals that were familiar for aesthetic or nostalgic purposes (Mack 
and Lonsdale, 2001) or were cultivated for food and resources (Weintraub, 1953; Myers and 
Henry, 1979). For example, in the island system of Hawaii, colonizers continually introduced 
species over the years for economic or nostalgic gain (Daehler, 2008; Simberloff, 2013). 
Similarly, human introduction of Trifolium species in New Zealand was largely influenced 
by human economic use and the first introductions coincided with the influx of European 
immigrants in the mid-1800s (Gravuer et al., 2008). Later on in the 1900s, Trifolium species 
grown near or with commercial species were able to spread further than those uninfluenced 
by humans (Gravuer et al., 2008). Similar introductions have occurred around the world, as 
human globalization took place they brought many plants and animals either accidentally, for 
food or resources, or aesthetic purposes (Mack and Lonsdale, 2001).  Many grassland species 
were purposefully introduced into the Central U.S. plains as food for grazing animals 
(Wilkins and Humphreys, 2003), or to stop erosion from soils. The introduction of these 
species allows novel combinations of communities to form. Once introduced, species that are 
able to occupy a vacant niche, colonize quickly or displace native occupants are most likely 
to become invaders (Van Kleunen et al., 2015).  
In order to be successful, incoming species need to fit in an available niche. The 
meaning of ‘niche’ can encapsulate multiple aspects of a species ability to establish and have 
a positive growth rate in a given location (Chase and Leibold, 2003; Soberón, 2007; Peterson 
et al., 2011; Godsoe et al., 2017). This dates back to Grinnell (1917) who suggests species 
distributions are based on a multitude of factors spanning abiotic and biotic interactions. 
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Since then, multiple variations of the definition of niche have been presented to encapsulate 
the fundamental niche, or the full range of environments in which a species can exist, and the 
realized niche, or the environments where a species can persist following biotic interactions 
(Peterson et al., 2011; Godsoe et al., 2017). Niche space is then defined by a number of 
variables that can impact multiple species in a community (Peterson et al., 2011). In this 
way, novel environments can increase or decrease available niche space, and novel species 
can establish that can utilize available niches.   
The interaction between novel environments and novel species increases the chance 
for exotics to become invasive (Kowarik, 2011) as new and unoccupied niches are formed 
(Van Kleunen et al., 2015). The lack of evolutionary history, in regards to both the species 
interactions and novel disturbance events, can impact the ability of an exotic species to 
become invasive (Loope and Mueller-Dombois, 1989; Alpert et al., 2000). For example, 
Hawaii evolved with volcanic disturbance, but little ungulate pressure, leaving native species 
vulnerable to incoming grazers and giving exotic species an advantage (Loope and Mueller-
Dombois, 1989). Changes in the timing of fire regimes can increase invasion risk (Keeley 
and Brennan, 2012). Systems with available uncaptured resources increase invasion risk, and 
any decoupling of resource availability and uptake leads to an increase in invasion 
susceptibility (Davis et al., 2000). This suggests that invasion is not only a function of 
species richness, and explains why native species richness is not consistently higher in less 
invaded systems (Stohlgren et al., 1999).  
Exotic species that are able to establish quickly or outcompete natives are more likely 
to become invasive as they fill niche space before competitors (Van Kleunen et al., 2015). In 
central U.S. grasslands, 28 exotic grassland species exhibited higher germination, earlier 
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green up, greater light capture and height than their native counterparts (Wilsey et al., 2015). 
This difference in arrival and establishment creates asymmetrical competition as early 
arrivers capture more sunlight than seedlings growing underneath (Wilsey et al., 2015). 
When early arriving species capture available resources and fill available niche space, they 
limit the ability of competitively similar species to establish. For example, (Fargione et al., 
2003) found that previously established communities most strongly inhibited the 
establishment of species from the same plant functional group (C3, C4, forbs and legumes). If 
early species sequester limiting resources, they are able to gain a large competitive advantage 
over species which arrive later (Ross and Harper, 1972; Körner et al., 2008). The ability of 
species to establish and persist will determine the community that subsequently forms 
(Chase, 2003). 
 
Community Assembly and Novel Communities 
 
Community establishment, or the formation of a community of interacting species, 
can impact species composition and identity as well as ecosystem processes. Rather than 
climax communities which regardless of what species arrive first successional progression 
leads to a defined community (Clements, 1936), communities respond to history, abiotic 
environments and interspecific interactions (Gleason, 1927; Diamond, 1975; Chase, 2003). 
The process of community formation is dynamic, with communities being impacted by early 
arriving species identity as well as dispersal, resource availability, disturbances and 
environmental factors (Chase, 2003). Differing early arrivers can lead to alternative states 
within similar abiotic environments (Beisner et al., 2003; Suding et al., 2004; Fukami, 2015). 
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Regions that experience higher regional species pools, low connectedness or dispersal, high 
productivity and low disturbances are hypothesized to exhibit multiple stable equilibria, or 
the potential for more community compositions (Chase, 2003).  
Priority effects, or impacts of early arriving species on the following community, can 
strongly alter community assembly and resulting community structure (Körner et al., 2008; 
Abraham et al., 2009; Dickson et al., 2012; Martin and Wilsey, 2012; Kardol et al., 2013; 
Fukami, 2015). Priority effects occur when ‘species that are present at some early phase of 
community development influence other species abundances that arrive at some later time’ 
(Morin, 1999). Priority effect experiments go back to Harper (1961) who showed that the 
relative abundance of two invasive grasses in California (Bromus diandrus and Bromus 
madritensis) were dependent on arrival order. Bromus diandrus which would dominate with 
77% of total biomass was reduced to 8% if seeded 24 days after the other species (Harper, 
1961). By altering resource availability or available niche space priority effects can be either 
inhibitory or facilitative (Fukami, 2015), although plant and specifically grassland 
communities with high levels of competition experience large inhibitory priority effects.  
Priority effects are a major component of community assembly and have been shown 
to be stronger in exotic invasive species compared to native counterparts, due to high 
regeneration measures and growth early in the season (Wolkovich and Cleland 2011, Martin 
and Wilsey 2012, Dickson et al. 2012, Wainwright and Cleland 2013, Wilsey et al. 2015). 
This early growth creates highly asymmetric competition scenarios where early arrivers can 
preemptively use resources and stop native species from establishing within the community 
(Schwinning et al. 2017). Asymmetry in height means that shorter species are more likely to 
drop out of a community compared to taller species (Duncan and Young 2000, Huang et al. 
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2013); as the asymmetry increases shorter species are unable to compete with taller ones. 
Asymmetrical competition may be more common than we realize and shape many 
interactions between species. 
Predicting how abiotic changes will interact with priority effects in novel 
communities remains a difficult prospect. Novel communities form as exotic species spread, 
while the abiotic environment also shifts at the same time. Theoretically, this could lead to a 
variety of impacts on diversity and ecosystem services depending on how much the abiotic 
conditions change, and what novel species can take advantage of the new conditions. If a 
community has resources that are not fully utilized or empty niche space, novel species can 
establish and increase diversity. Alternatively, if the environmental variability falls within the 
range of variation native communities have experienced, it may continue to favor 
communities with an evolutionary history and niche differentiation. In the case of productive 
invasive species that are generalists, they may consistently invade and expel natives, 
lowering diversity.  
 
Diversity Maintenance and Coexistence 
 
Once species establish in communities, species interactions can be important in 
determining community composition and coexistence. Tilman's (1982) R* theory predicts 
that the competing species that can best utilize an available resource is able to competitively 
exclude other species in the community. For multiple species to coexist in this framework, 
there would need to be multiple limiting resources, or multiple niches to alleviate 
competition between species (Harpole and Tilman, 2007). Differences in species R* may be 
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alleviated with tradeoffs, where species trade off resource acquisition with other traits 
including longevity, dispersal ability and establishment (Tilman, 1994). Top down pressures 
from herbivory or predation can also impact coexistence as certain species exhibit grazing 
tolerance or greater defense allocation (Augustine and Mcnaughton, 1998). The mechanisms 
behind species coexistence are summarized in Chesson's (2000) equalizing and stabilizing 
mechanisms. Equalizing mechanisms are those which decrease relative fitness differences 
between species. Stabilizing mechanisms are those which decrease intra – interspecific 
interactions between species.  Stabilizing mechanisms are higher when niche overlap among 
species is low. 
Native grassland communities with an evolutionary history contain species that 
coexist with higher levels of diversity than comparable exotic invaders (Wilsey et al., 2011; 
Martin et al., 2014). Native communities have greater niche partitioning, where over time 
evolution favors resource partitioning, in order to decrease competition (Macarthur and 
Levins, 1967; Wilsey et al., 2009). Exotic species in novel communities, however, 
theoretically lack the history that allows the evolution of niche differentiation within a 
community (Hobbs et al., 2006). In central U.S. grassland systems, exotic species drive down 
diversity and often experience strong selection effects (Isbell et al., 2009; Wilsey et al., 
2009) with exotics forming communities around a dominant species. Relatively similar 
fitness differences between species (equalizing mechanisms) is then necessary for novel 





Novel Community Soil Legacies  
 
Legacy effects through plant soil feedbacks occur when a community or individual 
species leaves an effect that impacts individuals that arrive even after the previous 
community has been completely removed (Kardol et al., 2007). Legacy effects can occur due 
the reduction or change in nutrients and resources available in the soil (Ehrenfeld et al., 
2001) where the original community changes the nutrient profile which in turn impacts 
which species will be able to grow afterward. The production of allelochemicals can cause 
legacy effects (Bais et al., 2003) where species may release chemicals into the soil that 
impact other plant growth. Finally, species can alter the microbial community within the soil 
which can contain pathogens and mutualists and impact later growth (Bever, 2002; 
Klironomos, 2002; Kardol et al., 2007; Batten et al., 2008; Elgersma et al., 2011). These 
below ground mechanisms can be difficult to tease apart and can have positive or negative 
impacts on later plant growth.  
Novel communities can alter legacy effects, which in turn can lead to increased exotic 
success and persistence. Exotic species can increase nitrogen availability, change soil pH and 
alter litter decomposition (Hobbie, 1992; Ehrenfeld et al., 2001). Some species including 
knapweed species, Canada goldenrod, and garlic mustard exhibit allelopathic properties, and 
recent review by Chen et al. (2017) cite this as a major factor in invasion success. Microbial 
communities can also alter in response to exotic species, as pathogens are less effective 
against novel species with no evolutionary history (Klironomos, 2002; Callaway and 
Ridenour, 2004; Kulmatiski and Beard, 2008), while as the same time increasing mutualistic 
microbial associations that create a positive feedback loop (Klironomos, 2002).  
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In communities that become dominated by one exotic species or invader, this can be 
especially problematic for restoring diversity and ecosystem processes when legacies remain 
and inhibit native growth. Even after exotics are removed, the legacy effects in the soil can 
reduce native plant growth (Batten et al., 2008; Grman and Suding, 2010; Shannon et al., 
2014). These shifts in the soil legacies imply that removing novel communities is not always 
an option without considering below ground changes. Novel plant communities may induce 
novel soil characteristics and microbial communities, adding to novel environmental 




In the following chapters, I explore differential community dynamics in native and 
novel grassland communities. In Chapter 2, I will examine more closely the impacts of 
priority effects on native and exotic species with increased precipitation variability. We 
tested whether priority effects in native and exotic grassland species were affected by 
increased rainfall variability while keeping total rainfall availability constant over the 
growing season. Chapter 3 presents niche overlap measures in exotic and native dominated 
communities to determine the importance temporal, canopy and rooting depth overlap across 
the diversity gradient created by native and exotic communities. We tested the importance of 
niche overlap measures and equalizing and stabilizing mechanisms in native and exotic 
communities.  Chapter four examines the strength of legacy effects in native and exotic 
dominated communities and starts to tease apart the mechanism causing differential legacies. 
We asked if native and exotic dominated communities had differential legacy effects, and if 
11 
so were they correlated with differences in (i) nutrient depletion, (ii) microbial community 
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CHAPTER 2.    PRIORITY EFFECTS ARE AFFECTED BY PRECIPITATION 
VARIABILITY AND ARE STRONGER IN EXOTIC THAN NATIVE GRASSLAND 
SPECIES 
A paper published in Plant Ecology 




Exotic perennial grassland species often green up earlier than their native 
counterparts, allowing them to gain an advantage by dominating resources early (priority 
effects). Precipitation variability is expected to increase with climate change and may alter 
the strength of priority effects. We hypothesized that exotics will have stronger priority 
effects than natives, precipitation variability will impact the strength of priority effects, and 
precipitation variability will impact the priority effects of native species more than those of 
exotics. We seeded one of 5 native or 5 exotic grassland species from the Central U.S. 
spanning multiple functional groups 28 days prior to a native seed mix. Priority effect 
strength was determined by how much establishment and diversity was reduced in the mix 
compared to controls (no species seeded before mix). We crossed these priority effect 
treatments with 3 water variability treatments, one low variability, and two high variability 
with alternate timing. Exotic species had stronger priority effects than natives, and decreased 
diversity and establishment from the seed mix. High variability precipitation when the 
growing season began dry significantly increased priority effects compared to low variability 
and high variability beginning wet. We found no significant evidence for a more pronounced 
impact of precipitation on native species, but trends suggest future studies may reveal 
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significant interactions. Although future research in the field over multiple growing seasons 
is needed, our results suggest priority effects of exotics in central U.S. grasslands are 




The order that species arrive during community assembly can affect the resulting 
community structure, leading to priority effects. Priority effects occur when the effect of an 
early arriving species on later colonists is stronger than when they all arrive at the same time 
(Fukami, 2015), or when ’species that are present at some early phase of community 
development influence other species abundances that arrive at some later time’ (Morin, 
1999), resulting in a change in the community composition (Polley et al., 2006). These 
effects can be inhibitory or facilitative, as early arriving species can have a negative or 
positive effect on the species that arrive later (Fukami, 2015). In inhibitory priority effects, 
early arriving species have a competitive advantage over later arriving species if they take up 
resources and attain a larger size prior to later species (Harper, 1961).  
In grassland systems, exotic species dominance and invasion success can in part be 
attributed to inhibitory priority effects where exotics show large priority effects over 
establishing native grassland species, reducing native plant growth and diversity (Grman and 
Suding, 2010; Dickson et al., 2012; Martin and Wilsey, 2012; Ulrich and Perkins, 2014; 
Wilsey et al., 2015; Stuble and Souza, 2016). When native grassland species arrive first they 
can exclude exotic invaders (Abraham et al., 2009; Vaughn and Young, 2015), but this is not 
often the case in many perennial grassland systems when exotic species demonstrate earlier 
phenology than natives (Wilsey et al., 2011; Wolkovich and Cleland, 2011). Exotic grassland 
20 
 
species have higher seedling growth rates, earlier emergence dates and higher germination 
rates than native counterparts (Wainwright and Cleland, 2013; Wilsey et al., 2015). When 
exotic perennial grassland species arrive before natives during assembly it can lead to lower 
species diversity and near monocultures (Dickson et al., 2012; Wilsey et al., 2015). Exotic 
species can significantly alter later community composition, so knowing when priority 
effects are the strongest can help us pinpoint the conditions when exotic species pose the 
largest threats.  
Priority effects can vary in strength not just in response to phenological traits, but also 
to abiotic conditions (Jarchow & Liebman, 2012; Kardol et al., 2013; Tucker and Fukami, 
2014). Inhibitory priority effects might weaken under stressful conditions (Chase, 2003; 
Tucker and Fukami, 2014). Support for this has been found in a variety of systems including 
the vernal pools of California where priority effects were found to be strongest under optimal 
conditions (Collinge and Ray, 2009). Recent work from Brandt et al. (2016) suggests that 
priority effects can impact macro-evolutionary history, increasing the abundance and 
richness in clades that arrived earliest to New Zealand alpine forests. This priority effect was 
stronger in high than low resource environments. Similarly, nutrient additions can increase 
the strength of priority effects, allowing early arriving species to gain higher levels of 
resources compared to a less enriched environment (Jarchow and Liebman, 2012; Kardol et 
al., 2013). When nutrients are abundant, even slight differences between early community 
compositions can lead to distinct community formations (Houseman et al., 2008). Martin and 
Wilsey (2012) showed that priority effects were important in both a high productivity and 
low productivity grassland site, suggesting that in some scenarios the strength of the priority 
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effect can override abiotic differences, making assembly history more important to resulting 
community structure.  
Climate change is predicted to increase the variability of rainfall and extreme weather 
events (Kharin et al., 2007; Allan and Soden, 2008; Berg et al., 2013) and not just the overall 
availability of water. Priority effects for native grasses against invaders have been found to 
weaken when rainfall was increased (Young et al., 2015). Schantz et al. (2015) found priority 
effects of perennial grass species over annuals diminished when water was added as annuals 
were able to better utilize the increased resource, nullifying the priority effect. However, 
there has been little work on the impact of water variability on priority effects. Increased 
variability in rainfall can have large impacts on community composition and species diversity 
independent of rainfall amount (Knapp et al., 2002). Jones et al. (2016) conducted a 15-year 
precipitation variability grassland experiment and found that increased rainfall variability led 
to an increase in forb abundance and richness while dominant grasses remained relatively 
stable. Over time, rainfall variability led to the development of distinct communities as forb 
diversity increased, suggesting that rainfall variability plays a role in community assembly. 
Successful exotics, however, commonly have a wide niche breadth, either due to higher 
plasticity or generalist life history traits, meaning that increasing environmental variability 
may have little effect on exotic dominance (Van Kleunen et al., 2015). This larger niche 
width may make the strength of priority effects from exotics more resistant to changes in 
extreme rainfall events.  
We compared the strength of priority effects between native and exotic grassland 
plant species under varying water variability treatments in a greenhouse experiment. Past 
research found that exotic perennial grassland species exhibit larger effects on later 
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establishing communities when they are seeded early compared to when all species are 
seeded simultaneously, and that these priority effects are much stronger for exotics than for 
native counterparts (Dickson et al., 2012; Martin and Wilsey, 2012). Here, we extend this 
work by testing how these effects of early emerging species on community establishment are 
impacted by climate variability (i.e., increased rainfall variability). To create priority effects, 
we seeded one of 5 native or 5 exotic perennial grassland species from the Central U.S. 28 
days before adding a 39 native-species seed mix. Priority effect strength was measured as the 
impact of these early species on the establishment of a later arriving native seed mix 
compared to a control (no early arriving species present). This treatment was crossed with a 
water variability treatment with three levels: a low variability treatment, and two high 
variability treatments that varied the timing of dry periods. All water variability treatments 
had equal average frequency of watering during the growing season, and only variability 
changed. We hypothesized that: (a) exotics will consistently have larger priority effects than 
natives, (b) higher variability in soil moisture will reduce priority effects and increase 
diversity, and (c) that water variability treatments will have a larger impact on native species 




We tested our hypotheses in a greenhouse experiment in the Bessey greenhouse at 
Iowa State University, Iowa, USA. The experimental two-way factorial design consisted of a 
priority species treatment (one of 5 native or 5 exotic species or nothing as a control, Table 1) 
crossed with a water variability treatment. Water variability treatments were high variability 
starting with a wet period, high variability starting with a dry period, and low variability with 
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a consistent watering frequency. Each priority species treatment had two replicates with 
seven replicate controls per water treatment, for a total of 81 experimental pots (10 species x 
2 replicates + 7 controls = 27 priority species treatments, 27 priority species treatments x 3 
water treatments = 81 pots). We used large pots (27.5 cm diameter, 30 cm deep) filled with 
field soil for the experiment. The soil was not fertilized during or prior to the experiment. 
Top soil was taken from a local Iowa farmland typical of soil in the area and homogenized. 
Preliminary analysis showed the soil had a pH of 7.72, 1.36 % total carbon, and 0.08 % total 
nitrogen. Soil was potted in April 2015, and weeds were hand removed before the start of the 
experiment. A few additional weeds were removed during the experiment as needed. 
Native priority species used are all native to North America and occur in Central U.S. 
prairies, while exotic priority species are not native to North America and are on national 
invasive species lists (Swearingen, 2008). Exotic priority species were paired to a native 
priority species from the same tribe if possible, and always to the same family and ecological 
functional group (Table 2.1) to compare native and exotic species with minimal confounding 
variables present. These species pairs were from a longer species list used in Wilsey et al. 
(2015). We chose a species pair from each of the main functional groups (C3 grasses, C4 
grasses, legumes and forbs) with two pairs for C3 grasses. All the species used were 
perennial. Priority species treatments were established by adding 100 seeds of one of each 
priority species to the bare soil in each pot on May 18th, 2015. During the first four weeks, 
priority species were allowed to establish and were watered daily until seedlings emerged. 
The native seed mix consisted of 39 native perennial prairie species and was added 28 days 
later on June 15th, 2015 (Appendix 1), with 10 seeds per species. The 21 control pots 
received the native seed mix alone on the same date.  
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Table 2.1  Paired native and exotic priority species representing the 4 main functional 
groups (C4 designates C4 grasses, C3 designates C3 grasses, F designates forbs and LF 
designates leguminous forbs). All species are perennial. 
Exotic Priority Species Native Priority Species Functional Group 
Eragrostis curvula Sporobolus cryptandrus C4 
Festuca arundinacea Elymus trachycaulus C3 
Bromus inermis Elymus canadensis C3 
Cichorium intybus Ratibida columnifera F 
Lotus corniculatus Astragalus racemosus LF 
 
 
Water variability treatments were started on June 15th, 2015, at the time of the seed 
mix addition. The three water variability treatments consisted of a low variability and two 
high variability treatments. The low variability treatment (hereafter referred to as ALow) was 
watered every 3 or 4 days (3 times over the course of 10 days). The two high variability 
treatments varied in timing, with high variability starting with high frequency or wet 
conditions (hereafter referred to as BHigh-wet) and high variability starting with low frequency 
or dry conditions (hereafter referred to as CHigh-dry). We included two variations of high 
variability to determine if increased variability, regardless of timing, would impact priority 
effects consistently. During high frequency or wet conditions, pots were watered every 2 
days (5 times over the course of 10 days). During low frequency or dry conditions, pots were 
watered every 10 days (1 time over the course of 10 days). High and low frequencies were 
switched every 30 days over the course of 120 days of the growing season. Therefore, the 
BHigh-wet treatment spent the first 30 days under high frequency watering, the second 30 days 
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under low frequency, the third 30 days under high frequency and the final 30 days under low 
frequency, while the CHigh-dry underwent the reverse.  
Our treatments changed the variability in watering but not the mean. All pots had the 
same total water amount and were watered 36 total times to field capacity over the course of 
the experiment. Watering frequency (calculated as the days between watering) had a standard 
deviation of 0.478 and a coefficient of variation of 14.3 for the ALow treatment, and a 




Sampling of soil moisture and biomass by species was done at the end of the last 
watering interval to reduce disturbance. Over the last 10 days of watering treatments, we took 
a 4 cm deep core from each pot every other day that was weighed wet, then dried for 3 days 
at 60° C, and weighed again to get a measure of gravimetric soil moisture for each watering 
frequency (Topp, 1993). Aboveground biomass of all species in each pot was harvested at the 
end of the growing season over the 14th, 15th and 16th of October 2015. Each pot was 
harvested by species and clipped at the soil surface, and then dried for 3 days at 60° C and 
weighed. We measured priority effects as the impact of the priority species on biomass of the 
seed mix. We used diversity measures of species richness and Simpson’s diversity (1/∑pi2 
where pi is relative abundance) to estimate differences in final diversity across treatments. 
Simpson’s diversity takes relative abundance into account while species richness gives more 
weight to rare species. We additionally measured biomass of the priority species to compare 





Gravimetric soil moisture was compared across water variability treatments at the end 
of a 10-day cycle of drying using an analysis of variance across water variability treatments. 
We used a two-way mixed model ANOVA using PROC MIXED in SAS (version 9.4) on our 
response variables seed mix biomass, priority species biomass, total biomass, Simpson’s 
diversity and species richness. Priority species (native, exotic or control) and water 
variability (ALow, BHigh-wet or CHigh-dry) were our fixed effects and priority species identity was 
a random effect to account for variation at the species level. Seed mix biomass, total biomass 
and species richness were ln transformed to improve normality. Priority species and water 
variability treatment levels were compared with Tukey’s tests when effects were significant. 
Priority species biomass was ln transformed to improve normality, and we removed control 
treatments as they had no priority species added (total pots = 60). To determine if species 
composition differed across priority species and water variability treatments, we used NMDS 
ordination and a multi-response permutation procedure (MRPP) using PCORD, using the 
Bray-Curtis dissimilarity index (McCune and Grace, 2002) on biomass from the seed mix at 
the species level. We included only species that established from the added mix (i.e., 
excluding priority effect species). We omitted pots that were monocultures (only species was 
the priority effect species), decreasing the native priority species pot number to 28 out of 30 
and the exotic priority species pot number to 12 out of 30. These omissions were relatively 







Seed Mix Biomass 
 
Biomass from the seed mix was significantly different across priority species 
treatments and water variability treatments (Table 2.2). Seed mix biomass was highest in 
control pots with no priority effect species (Tukey’s tests, p values < 0.001), and was greatly 
reduced in pots treated with exotic priority species (Fig. 2.1a). In 18 out of 30 pots exotic 
priority species formed monocultures, completely preventing native seed mix emergence. 
The native priority species treatment showed intermediate seed mix biomass levels (Fig. 
2.1a). Biomass from the seed mix was also affected by water variability treatments (Fig. 
2.2a). The CHigh-dry treatment had lower seed mix biomass than BHigh-wet and ALow water 
variability treatments (Tukey’s tests, p = 0.002 and p = 0.006 respectively). The interaction 
between water variability and priority species treatments was not significant (F4,42 = 2.33, p = 
0.071) (Table 2.3). 
Water variability treatments significantly affected gravimetric soil moisture. Moisture 
was significantly different across water frequency treatments (F2,78 = 4.23, p = 0.018) where 
pots receiving water every other day were significantly wetter than those receiving water 
once every 10 days (Fig. 2.3). There was a drop in soil moisture for all water variability 
treatments between days 4 and 6 due to high temperatures. All pots experienced this variation 
in stress due to day to day temperature variability and suffered no visible biomass loss or 




























































































































Figure 2.1  Means ± standard error across species origin treatment (exotic, native, or control) 
on a) seed mix biomass (g), where seed mix biomass is the total biomass from a seed mix 
seeded 28 days after the priority species, b) total biomass (g) where total biomass is the sum 
of seed mix biomass and priority species biomass, c) priority species biomass (g) (controls 
had no priority species and were not included), d) species richness and e) Simpson’s diversity 
calculated as (1/∑pi2 where pi is relative abundance) with a dashed line indicating lower limit 
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Figure 2.2  Means ± standard error across the water variability treatment (Alow, BHigh-wet, and 
CHigh-dry) on a) seed mix biomass (g) where seed mix biomass is the total biomass from the 
seed mix seeded 28 days following the priority species, b) total biomass (g) where total 
biomass is the sum of seed mix biomass and priority species biomass, c) priority species 
biomass (g) (controls had no priority species and were not included), d) species richness and 
e) Simpson’s diversity calculated as (1/∑pi2 where pi is relative abundance) with a dashed 
line indicating lower limit of 1. Letters denote significant differences based on Tukey’s tests. 
 
  
Table 2.2  ANOVA Table and contrasts across priority species treatments (native, exotic and control) and water variability 
treatments (Alow, BHigh-wet, and CHigh-dry)for ln transformed seed mix biomass (g), log transformed Species Richness, Simpson’s 
Diversity, log transformed Total Biomass (priority species biomass + seed mix biomass) and log transformed priority species biomass 
(g). Seed mix biomass is the total biomass from the seed mix seeded 28 days following the priority species. Tukey’s tests compared 
priority species and water variability treatments when main effects were significant. Priority species biomass is the biomass of the 
single species planted first (native or exotic). 
    Seed Mix Biomass Species Richness 
Simpson's 




Source DF F P F P F P F P DF F P 
Priority Species 
2, 
42 94.43 <0.001 50.01 <0.001 25.68 <0.001 27.33 <0.001 
1, 




42 7.92 0.001 10.25 <0.001 2.66 0.082 0.48 0.621 
1, 





42 2.33 0.071 0.95 0.446 1.24 0.310 2.06 0.104 
1, 
24 3.28 0.055 
Priority Effect Treatment Tukey's Test 
Exotic vs. 
Native 42 7.96 <0.001 8.21 <0.001 2.9 0.016 2.45 0.048      
Exotic vs. 
Control 42 13.66 <0.001 8.9 <0.001 7.12 <0.001 7.25 <0.001      
Native vs. 
Control 42 5.94 <0.001 1.16 0.486 4.22 <0.001 4.73 <0.001      
Water Treatment Tukey's Test 
ALow vs. BHigh-wet 42 -0.38 0.925 -1.31 0.399             
ALow vs. CHigh-dry 42 -3.24 0.006 -3.1 0.01             
BHigh-wet vs. 




 Table 2.3  Means and standard errors (untransformed) across priority species treatments (native, exotic and control) and water 
variability treatments (Alow, BHigh-wet, and CHigh-dry)for seed mix biomass (g), species richness, Simpson’s diversity, and total biomass 
(g) (priority species biomass + seed mix biomass), and priority species biomass (g). Seed mix biomass is the total biomass from a seed 
mix seeded 28 days after the priority species. Priority species biomass does not include controls. Both exotic and native priority 




Biomass (g) Species Richness 
Simpsons 






Variability Mean SE Mean SE Mean SE Mean SE Mean SE 
Exotic ALow 0.02 0.02 2.10 0.50 1.00 0.00 29.52 4.91 29.49 4.90 
Exotic BHigh-wet 0.07 0.03 2.40 0.65 1.01 0.00 34.07 8.15 34.00 8.15 
Exotic CHigh-dry 0.01 0.01 1.20 0.13 1.00 0.00 26.68 7.47 26.67 7.46 
Native ALow 3.74 0.81 7.90 1.07 1.96 0.38 19.67 3.14 15.93 3.47 
Native BHigh-wet 4.69 1.13 8.20 0.94 2.14 0.27 11.27 1.62 6.59 2.40 
Native CHigh-dry 0.99 0.41 4.10 0.90 1.33 0.25 27.36 6.01 26.37 6.18 
Control ALow 7.59 0.71 6.86 1.12 2.54 0.34 7.59 0.71     
Control BHigh-wet 7.83 0.68 10.29 1.29 3.72 0.58 7.83 0.68     








Figure 2.3  Gravimetric soil moisture ([wet weight – dry weight]/ dry weight) across water 
frequency treatments. Panel a) portrays the watering schedule, with dots representing when 
the pots were watered to field capacity. Wet periods of the high variability treatment pots 
were watered to field capacity every other day (samples were cored prior to watering) on 
days 0, 2, 4, 6, 8, and 10. Low variability treatments were watered to field capacity every 3 or 
4 days on days 0, 3, 6, and 10. Dry periods of the high variability treatment were watered to 
field capacity once every 10 days on day 0, and 10. The 10 days represented are the last 10 











Total biomass (priority effect species + species from mix) was significantly different 
across priority species treatments (Fig. 2.1b), with no evidence for a difference due to water 
variability (Fig. 2.2b), nor an interaction between the two (Table 2.2). Exotic priority species 
treatments had significantly higher biomass than controls (Tukey’s test, p <0.001) (Fig. 1b). 
Native priority species had intermediate total biomass to exotic priority species (Tukey’s test, 
p =0.048) and control (Tukey’s test, p < 0.001) treatments.  
 
Priority Species Biomass  
 
Biomass of exotic priority species was significantly higher than native priority 
species across all water variability treatments (F1,24 =10.96, p = 0.003, Fig. 1c). Water 
variability treatments had no effect on priority species biomass (Fig. 2c, Table 2.2). Biomass 
showed an insignificant interaction between water variability and priority species treatments 




Priority species and water variability treatments caused significant differences in 
species diversity measures (Table 2.2). Species richness was significantly lower in exotics 
priority species treatments compared to control pots (Tukey’s tests, p < 0.001), and showed 
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no difference between native priority species and control treatments (Fig. 2.1d). Simpson’s 
diversity was also significantly lower in exotic priority species treatments compared to the 
control treatment (Tukey’s test, p < 0.001), and the native priority species treatments were 
intermediate to the control (Tukey’s test, p < 0.001) and exotic (Tukey’s test, p = 0.016) 
treatments (Fig. 2.1e). Species richness was significantly different across water variability 
treatments (F2,78 = 10.25, p < 0.001) where species richness was lowest in CHigh-dry treatments 
(Fig. 2.2d). Water variability treatments had no effect on Simpson’s diversity (Fig. 2.2e). 





Species composition of establishing species varied across priority species treatments. 
Priority species treatments had significantly different compositions (A = 0.165, p < 0.001) 
(Figure 2.4). Water variability treatments showed no effect on species composition (A = -
0.004, p = 0.572). Seed mix species present in exotic priority species treatment communities 
were from multiple functional groups and were a subset of those in native and control 






Figure 2.4  Species composition NMDS ordination across priority effect treatments (control 
or no priority species, exotic and native). Points represent ordination results based on a 3-
dimensional axis. Seed mix species driving these differences (correlation > 0.2) are the 
leguminous forb Desmodium canadense (r2 = 0.20 with NMDS 1), the forbs Brickellia 
eupatorioides (r2 = 0.29 with NMDS 2) and Heliopsis helianthoides (r2 = 0.21 with NMDS 
2), and the C4 grass Bouteloua curtipendula (r









Exotic grassland species had consistently larger priority effects than natives across all 
watering treatments. The exotic priority species maintained high biomass production 
regardless of water variability. The exotics ability to use increased resources early and 
maintain high levels of biomass regardless of the water treatment drove the priority effects in 
exotic dominated systems. Our results support the idea that exotics, and especially 
problematic invaders, have wide niche breadth (Van Kleunen et al., 2015) which allows them 
to maintain dominance in a wide variety of conditions. We also found support for the high 
productivity of exotics compared to native counterparts in grassland systems (Wilsey and 
Polley, 2006), as exotic priority species showed much higher priority species biomass and 
total biomass than natives. The controls probably had lower total biomass as they were 
seeded 28 days later than priority species. Past research suggests that the consistently high 
priority effects across exotic species has been in part caused by human selection upon 
introduction, where humans preferentially introduced species with early emergence and 
establishment for grazing purposes (Mack and Lonsdale, 2001; Wilkins and Humphreys, 
2003; Van Kleunen et al., 2015). Wilsey et al. (2015) found exotic species had higher 
seedling emergence, earlier emergence, were taller and captured more light than native 
counterparts, which would give them a larger competitive advantage prior to seed mix 
additions. We suggest that in our system exotic species were able to maintain large priority 
effects due to both a larger head start in initial growth as well as the ability to resist 
unfavorable conditions throughout the growing season. 
We hypothesized that increased water variability would lower priority effects and 
increase diversity. However, this was not consistent, as treatment Alow and BHigh-wet showed 
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no significant differences. Instead, we found evidence that timing was more important than 
variability, as the CHigh-dry treatment resulted in significantly lower biomass from the seed 
mix and species richness. Soil moisture fell within the low end of the range for soil moisture 
during the growing season in our area, which produced some water stress in our pots (Martin 
and Wilsey, 2006). Having a dry period early in the season could have created a strong 
abiotic filter on the ability of the seed mix to germinate and compete with the priority 
species. This, in turn, effectively increased the strength of priority effects for both native and 
exotic treatments. This is in line with Schantz et al. (2015) who found lowered water stress 
was more beneficial for the annual competitors who arrived later than the early arriving 
perennials, diminishing priority effects despite less stressful conditions. If stress impacts later 
arrivers more than early arriving species, then priority effects will increase in strength.  
Although we found no significant interactions between native and exotic priority 
species treatments and water variability treatments, results hint that natives may show larger 
responses to water variability than exotics. Increased sample sizes and power in future 
studies may reveal interactions between water variability timing and priority species origin. 
Trends show the greatest mean seed mix biomass for the native species priority treatment in 
BHigh-wet while the seed mix biomass in the exotic species priority treatment was similarly low 
across water variability treatments (F4,42 = 2.33, p = 0.071). In watering treatment BHigh-wet, 
later arriving species had higher resources (water) during germination and therefore 
competed more effectively with the early arrivers. However, in conditions that were dry early 
(treatment CHigh-dry) late arrivers competed less effectively possibly due to less available 
resources on germination or waiting to germinate until later in the season. Additionally, mean 
priority species biomass was largest for the native priority species treatment in CHigh-dry water 
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variability and lowest in BHigh-wet, when exotic priority species had the highest mean biomass 
in the BHigh-wet treatment (F2,24 = 3.28, p = 0.055). Results hint that native priority species do 
not outcompete late arrivers as dominantly as exotic counterparts, and the seed mix was able 
to competitively impact native priority species in BHigh-wet treatments when water was 
available early in the growing season. Changes in resources can alter competitive interactions 
when competitive differences between priority species and later arrivers are small. In a 
related study Stuble and Souza (2016) found that the reduction in growth from arriving later 
was a result of both varied initial growth from priority species as well as the late arrivers’ 
competitive ability. Similarly, Sarneel et al. (2016) recently found evidence in riparian 
systems for increased priority effect strength in dry or variable conditions compared to wet, 
possibly due to species specific responses as well as abiotic effects on both the early arriving 
species and later community. We encourage future studies to more closely examine 
interactions between priority effects, and abiotic variability and timing. 
Our study does have some limitations that might limit the generality of our results. 
For better control, we used a greenhouse setting with grassland species over one growing 
season. Future research is needed in the field over multiple growing seasons. Priority effects 
were strong through one growing season, but how this translates to following year’s growth 
is worth continued investigation, especially under varying water treatments. Although we 
focused on variability and all our pots received the same total amount of water, most field 
systems will vary in amount and timing simultaneously. It is also worth noting the 
differences in species composition across priority effect treatments are conservative, as 




In conclusion, we found that exotic perennial grassland species had consistently 
stronger priority effects than native perennial grassland species, regardless of water 
variability over the course of the growing season. Increasing water variability altered seed 
mix growth and species richness depending on the timing of water events rather than on the 
variability itself. Our results suggest that native community assembly may allow many 
different communities to form depending on which species arrives first and the timing of 
rainfall events over the growing season. This could lead to high beta diversity, which can be 
higher within native-dominated grassland fields than exotic dominated fields (Martin and 
Wilsey, 2015). As weather patterns change we may see many communities form based on 
weather events and resulting priority effect dynamics in native perennial grassland 
communities. However, our results suggest that exotic species may be having widespread 
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CHAPTER 3.    EQUALIZING MECHANISMS ARE DRIVERS OF DIVERSITY 
DECLINE IN PERENNIAL GRASSLANDS 
A paper to be published in an international journal 




Species diversity can be maintained by equalizing effects, or factors that minimize 
fitness differences among species, and stabilizing effects, which increase intra-interspecific 
interaction ratios due to having low niche overlap among interacting species.  These 
measures are sometimes quantified with overyielding metrics, the net biodiversity effect and 
its components the selection and complementarity effects.  We followed diversity changes 
over time in a grassland field experiment to test how exotic species alter diversity 
maintenance mechanism.  We determined if biomass differences among species, or three 
niche overlap measures (canopy height, temporal, and rooting depth) predicted diversity 
decline using structural equations modeling.  We found strong evidence for an equalizing 
effect, with variance in biomass among species being strongly related to species richness 
decline.  We also found evidence for stabilizing mechanisms, with temporal overlap being an 
important predictor.  However, canopy height overlap was positively correlated with 
diversity, suggesting that having similar canopy heights reduced asymmetrical competition, 
as demonstrated Lotka-Volterra models that varied level of asymmetry in competition.  The 
selection and complementarity effects made relatively small contributions to diversity decline 
above and beyond the direct niche overlap measures.  Our results suggest that equalizing 
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How communities maintain species diversity has been addressed with both theory 
(Tilman, 1982, 2007; Chesson, 2000; Dislich et al., 2010; Allesina and Levine, 2011) and 
empirical studies (McKane et al., 2002; Zhang et al., 2009; Wilsey et al., 2014). Interactions 
between species can affect diversity, and systems with high levels of competition can 
experience diversity loss as species outcompete neighbors. Lotka-Volterra equations 
explained these interactions by accounting for differences in carrying capacity (K), 
competitive intensity (α) and intrinsic growth rates (r). Differences in these attributes 
between species can then lead to competitive exclusion or stable coexistence if 1/α21 > K1/K2 
> α12 (Crawley, 2007). Therefore, in order to have coexistence, species cannot be too similar 
and must experience some differences in resource use or niche (Hardin, 1960).  
Diversity maintenance mechanisms allow for coexistence of multiple species within a 
community. Mechanisms for maintaining high levels of diversity in communities can be split 
into two main categories, equalizing and stabilizing mechanisms (Chesson, 2000). Equalizing 
mechanisms represent inherent fitness differences between species, where communities 
containing species that have small differences can maintain higher levels of diversity. 
Species that exhibit unequal resource use are capable of driving down resources and lowering 
diversity as the species with higher resource uptake capability increase in abundance (Hardin, 
1960; Tilman, 1982). Stabilizing mechanisms increase intra vs. interspecific competition 
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ratios, so that species compete less with other species than with conspecifics, allowing for 
higher levels of diversity within the community.  
Equalizing mechanisms are measured by comparing differences in fitness or resource 
capture across species. Perennial grassland systems are dominated by clonal plants, and 
fitness is typically measured based on vegetative measures rather than seed production. 
Benson and Hartnett (2006) found that greater than 99% of new recruits in tallgrass prairie 
are from vegetative propagules (the bud bank), and only 1% are from seed. Clonal plants are 
made up of modules (physiologically independent units) that are repeated throughout the 
genet (Schmid and Harper, 1985), and biomass is correlated with module number (Ernest et 
al., 2000; Marquard et al., 2009). Biomass is also strongly correlated with resource capture 
and R* (Fargione and Tilman, 2006). Isbell et al. (2009) measured equalizing mechanisms in 
clonal grassland systems by using a biomass-based framework and by using variables that 
indicate a propensity for local competitive exclusion (i.e. intrinsic biomass differences 
among species). Therefore, equal biomass among species would be expected to maintain high 
diversity, all other things being equal. Greater inequality in biomass among species is 
predicted to lead to decreases in diversity due to competitive exclusion. 
Competition can more quickly lead to competitive exclusion when competition is 
asymmetrical than when it is symmetrical (Gaudet and Keddy, 1988; Keddy and Shipley, 
1989).  Diffuse competition can have a more negative effect on some species than it has on 
others (Schwinning et al., 2017). Traits such as plant height have the potential to lead to large 
differences in competition strength as past studies have found shorter species are more 
strongly affected by competition than tall species, causing short species to go locally extinct 
(Duncan and Young, 2000; Huang et al., 2013). Short species can exhibit shade tolerant 
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strategies thus lowering competition intensity, but still may under yield in mixture (Daßler et 
al., 2008).  Asymmetries in plant sizes can result in competitive exclusion when one species 
arrives before the others (priority effects, see Chapter 2).  Based on this, we hypothesize that 
highly asymmetrical competition between species can lead to competitive exclusion and 
lower community diversity.  
A stabilizing mechanism occurs when species do better in mixture than in 
monocultures and intra-interspecific competition ratios are greater than 1 (Chesson 2000).  It 
can be reduced when intraspecific interactions are altered, when interspecific interactions are 
altered, or both.  Although many studies focus on intraspecific competition and frequency 
dependence (Harpole and Suding, 2007; Johnson et al., 2012; Mcpeek, 2012), mechanisms 
such as niche partitioning (low niche overlap) can also lead to different intra-interspecific 
competition ratios by reducing interspecific competition.   Interspecific competition can be 
reduced when niche overlap is low (1 – p where p is niche overlap in Chesson 2000) because 
competing species are not active at the same time or in the same space.   
Intra-interspecific competition ratios are studied by comparing monocultures and 
mixtures. Intra – interspecific competition ratios that underlie stabilizing mechanisms can be 
measured with relative yield totals, or measures of how species produce biomass in mixture 
compared to expectations from their monocultures. In a competitive environment, these 
metrics compare interspecific competition (how each species yields in mixture) and 
intraspecific competition (yields in corresponding monocultures). Relative yield total (RYT) 
for a mixture is expected to be equal to 1, where RYT is the sum of relative yield (yield in 
mixture / yield in monoculture) for each species (De Wit and Van Den Bergh, 1965; de Wit 
et al., 1966). A community that has a RYT >1 has net overyielding, and RYT<1 has net 
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underyielding. The RYT’s were recentered to equal 0 when yield in mixture was the same as 
expected from monocultures in the net biodiversity effect (NBE) of Loreau and Hector 
(2001).  
Simple relative yield totals or NBE measures are not necessarily correlated with 
diversity maintenance.   The NBE of Loreau and Hector splits the NBE into selection and 
complementarity effects, where selection is the covariance between species’ yielding 
behavior in mixture and yields in monoculture, and complementarity is the mean change in 
relative yield totals. The selection effect can reduce diversity when it is strongly positive as 
overyielding species become more dominant and underyielding species become rare (Isbell et 
al., 2008; Wilsey et al., 2009).  The complementarity effect can increase diversity when it is 
positive (McKane et al., 2002; Wilsey et al., 2011).  
Communities exhibiting complementarity are expected to maintain diversity through 
a number of mechanisms including facilitation, reduced pathogen or herbivore loads, higher 
resource use efficiency, and/or niche partitioning. Facilitation between species can lead to 
diversity maintenance through mobilization of limiting nutrients such as phosphorus, iron, 
zinc and nitrogen (Li et al., 2014). Higher levels of pathogens (Schnitzer et al., 2011; 
Eisenhauer, 2012) and herbivory (Rogosic et al., 2007) can knock back highly competitive 
species and promote coexistence within the community via the complementarity effect.  
More diverse systems are also able to accrue higher levels of available resources, increasing 
resource use efficiency and productivity in the process (Fornara and Tilman, 2008). 
However, the complementarity measure is a statistical measure and has rarely been compared 
to direct measures of niche partitioning.  Niche partitioning is predicted to reduce 
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competition; differentiation in resource use over space or time allows species to coexist and 
can lower competition intensity (Wilsey et al., 2009).  
Grassland species can partition resources in time and space by growing earlier or later 
during the season, by acquiring resources from different soil depths, or by capturing light in 
different layers of the canopy compared to their competitors.  Here we measured within 
growing season temporal, canopy height, and rooting depth overlap as three measures of 
differential resource use and tested whether they were associated with diversity maintenance. 
Niche partitioning is high when overlap measures are low. Previous work within our study 
system has shown differences in temporal niche overlap explained higher diversity levels in 
native than exotic communities (Wilsey et al., 2011). Partitioning in canopy height, or having 
low height overlap, may also lead to niche partitioning if shorter species are able to capture 
light that penetrates the taller canopy, increasing the total available light captured (Jurik and 
Kliebenstein, 2000).  Spehn et al. (2000) found that light capture increased with diversity, 
suggesting that higher diversity leads to higher light capture efficiency and possible niche 
partitioning.  Isbell and Wilsey (2011) found that canopy overlap was higher in exotics than 
natives and was associated with diversity decline in a grassland experiment with 4-species 
mixtures.  However, Isbell et al. (2008) found that shorter species were more likely to drop 
out of the system and did not increase complementarity compared to taller species.  Rooting 
depth differences may also reduce competition, as plant species that are more dissimilar in 
rooting depth are more likely to coexist in prairie systems (Fargione and Tilman, 2005; 




Here we used the Maintenance of Exotic vs. Native Diversity (MEND) experiment 
(Wilsey et al. 2011) to test whether niche partitioning mechanisms are correlated with species 
richness decline. Native communities have longer evolutionary histories than exotic novel 
communities (Baker et al., 1996; Edwards et al., 2010), suggesting niche partitioning may be 
higher in native communities, and that this will predict the higher levels of diversity found in 
native communities (Wilsey et al., 2009). Previous work found that higher selection effects 
drove down diversity in exotic dominated communities (Wilsey et al., 2009). Wilsey et al. 
(2011) found that natives had significantly higher levels of diversity and complementarity 
than exotics with 32% greater species diversity and 19% greater richness than exotic 
counterparts by June of the second growing season. This difference increased to 46% and 
35% after three full growing seasons. Additionally, they found significantly higher 
complementarity and lower temporal overlap in native communities than their exotic 
counterparts. Here, we include biomass differences as a measure of equalizing mechanisms, 
and measures of rooting depth, canopy, and temporal overlap as measures of stabilizing 
mechanisms and determine which measures are related to diversity maintenance. We test 
whether diversity maintenance is 1) regulated more by biomass differences among species, 2) 
whether diversity maintenance is associated more with niche partitioning aboveground (low 
canopy overlap), belowground (low rooting depth overlap) or over time (low temporal 
overlap), and 3) whether complementarity and selection measures add further information 








We used the Maintenance of Exotic vs. Native Diversity (MEND) experiment to test 
hypotheses (Wilsey et al. 2011). A two-way factorial treatment (irrigation x origin) was 
applied to plots with a randomized block design using random draws to vary species 
composition in mixtures (Appendix 2a). We compared diversity maintenance and 
mechanisms using 18 native and 18 exotic species in exotic or native species mixtures in a 
field experiment in the Blackland Prairie region in Temple, Texas. The species composition 
of MEND mixtures was determined by random draw from a pool of 18 native or 18 exotic 
species with the condition that the relative abundances of functional groups of species (C4 
grasses, C3 grasses, legumes, non-leguminous C3 forbs) remain constant across mixture 
patches (Wilsey et al., 2009, 2011, 2014). For each random selection of 9 native species, we 
populated one native and one exotic mixture (=draw), the latter by selecting the exotic 
species that were most closely phylogenetically related to selected natives (Table 3.1).  Four 
draws were included in each of the two blocks.  Each draw was replicated within each 
treatment (origin, irrigation) for a total of 32 mixture plots per block (4 draws x 2 origin 
treatments x 2 irrigation treatments x 2 replicates).  All 36 species were also planted in 
monoculture, irrigated and non-irrigated within each of the two blocks (144 monocultures 
total). Exotic and native species are all widely distributed in North America. All exotics used 
were already present in this region, so no new exotic species were introduced.  There was no 
significant difference in biomass among species at planting (n=216, 3 plants per species per 
block, origin, p > 0.67, grand mean 0.7 g plant-1, SE = 0.07). Plant locations for all species 
were randomized individually in each plot. Volunteer plants (i.e. weeds) were hand removed 
when necessary (usually once per month). Bouteloua curtipendula, a medium-saturated  
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Table 3.1  List of species used in the experiment. Exotic and native species were paired 
based on phylogeny and growth form. Only four C3 grass species were used due to their 
paucity in the system (Wilsey et al., 2011). 
Native species Exotic species pair Family Origin 
C4 grasses:    
Schizachyrium scoparium1,4,5 Bothriochloa 
ischaemum1,2,6 Poacae Asia 
Buchloe dactyloides2 Cynodon dactylon2 Poacae Africa 
Sporobolus asper1,2 Eragrostis curvula6 Poacae Africa 




Eriochloa sericea4 Paspalum dilatatum2 Poacae South America 
Sorghastrum nutans1,2,4 Sorghum halapense1,2 Poacae Mediterranean 
C3 grasses:    
Nasella luecotricha2 Dactylus glomerata6 Poacae Europe 
Elymus canadensis4,5 Festuca arundinacea6 Poacae Europe 
C3 Forbs:    
Ratibida columnifera4,5 Leucanthemum vulgare6 Asteraceae Eurasia 
Marshallia caespitosa7 Taraxacum officinale2 Asteraceae Europe 
Vernonia baldwinii4,7 Cichorium intybus6 Asteraceae Eurasia 
Salvia azurea1,4 Nepata cataria6 Lamiaceae Eurasia 
Ruellia humilis6 Ruellia brittoniana7 Acanthaceae Mexico 
Monarda fistulosa4,7 Marrubium vulgare6,7 Lamiaceae Eurasia 
C3 Leguminous forbs:    
Dalea purpurea3,4 Lotus corniculatus6 Fabaceae Eurasia 
Dalea candidum4 Trifolium repens6 Fabaceae Europe 
Desmanthus illinoensis4 Medicago sativa6 Fabaceae Asia 
Astragalus canadensis6 Coronilla varia6 Fabaceae Mediterranean 
Propagule sources: 
1 Field collected seed 2 Field collected vegetative 
3‘Wildseed Farms’ seed  4‘Native American Seed Co.’ seed 
5 Field collected seed from ‘Sweet Briar Nursery’ 6 Other company seed 




grass, was seeded in alley-ways between plots and mowed two-three times per growing 
season.  No fertilizer was applied during the study. 
Irrigation was added during the summer to match predictions from global change 
models that predict increased rainfall during the summer (Allan and Soden, 2008). This also 
reduced the bimodal nature of rainfall for this region, making results more typical for regions 
with unimodal precipitation patterns. Irrigated plots were hand watered from mid-July to 
mid-August at a rate of 128 mm per month in 8 increments of 16 mm beginning in 2008 and 
continuing every summer following. Soil cores (5-cm depth) from irrigated plots (mean of 
21% water content in 2008) had consistently higher soil moisture than those from non-
irrigated plots (mean of 7% water content in 2008). Rainfall overall was below the average 
(878 mm) from October 2007 through September 2008 (631 mm), was average from October 
2008 through September 2009 (786 mm) and was above average from October 2009 through 
September 2010 (1166 mm). Irrigation treatments countered the effects of drought in 2008 
(631 and 759 mm in non-irrigated and irrigated plots respectively), remained around average 
for 2009 (786 and 914 mm in non-irrigated and irrigated plots respectively) and further 
increased rainfall in 2010 (1166 and 1294 in non-irrigated and irrigated plots respectively). 
While irrigation increased diversity and species richness, there was no difference between 
native and exotic communities (Wilsey et al., 2011). 
Niche overlap measures were made during 2008. Niche overlap measures were based 
on biomass placement in 10-cm aboveground increments (canopy height overlap), 10-cm 
belowground increments (rooting depth overlap), and across two time periods within a 
growing season (temporal overlap).  This was done in the first year of the study before local 
extinctions had occurred.  Canopies were measured with point intercept techniques with pins 
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labelled at each 10 cm increment. Point intercept was done by dropping pins vertically 25 
times in the inner 80 cm x 80 cm portion of each plot. Pin drops were spaced 20 cm apart and 
were dropped in a 5 x 5 grid. Hits were counted from each 10 cm increment to get a measure 
of biomass by species at each canopy height increment.  Point intercept was conducted in the 
first few days of July 2008 and in October 2008, which effectively captured early and late 
plant communities associated with the early and late rainfall peak at the site and accounted 
for temporal differences across species.  Point intercept hits were converted to biomass 
(g/m2) with regression equations based on concurrent point intercept sampling and biomass 
harvesting in October 2008 (Wilsey et al., 2011; Xu et al., 2017). Roots were removed dry 
from cores (4.2 cm diameter) to 42 cm depth in 0-10, 10-20, 20-30, and 30-42 cm increments 
(McNaughton et al., 1998).  Roots were all live roots, and were rinsed, dried and weighed to 
estimate dry mass. Niche overlap of canopy height and rooting depth within a mixture was 
calculated with monocultures of each species within the mixture using average pairwise 
overlap calculations in EcoSim using the Pianka index where the overlap O of species A and 
B is based on their proportional resource use pi for each i niche of n niches. 








Temporal niche overlap was calculated by comparing relative species biomass (p = 
species biomass/total biomass) from point intercept sampling between June and October 
using the Bray-Curtis similarity measure where pij is a species relative abundance in June and 
pio is a species relative abundance in October. 









For example, for a mixture including species A-I, we would calculate a pairwise 
mean canopy overlap, rooting depth overlap, and temporal overlap using monoculture values 
for species A-I. 
We compared the biomass of each species in monoculture in order to determine 
species competitive interactions in mixtures and diversity maintenance from equalizing and 
stabilizing mechanisms (Chesson 2000). The equalizing effect is the difference between k of 
speciesi and mean k for a given species (Chesson 2000) using biomass as a measure of k in 
clonal grassland systems.  Scaling this up to the mixture entails comparing each species in 
the mixture to mean k and standardizing these values with the mean. This was done with the 
coefficient of variation (CVmono) of biomass across corresponding species monocultures for 
all species in a particular mixed plot (Isbell et al. 2009) where σ2 = ∑ (k – mean k)2/n-1.  This 
value was converted into a SD by taking the square root and was standardized by the mean to 
convert it into a CVmono.  Note that monocultures have intraspecific competition present and 
comparing differences in K is conceptually similar but mathematically different from 
comparing differences in fitness.  The net biodiversity effect was calculated to compare 
species performance in mixture to the expected performance based on monocultures (Loreau 
and Hector, 2001), and this was partitioned into the selection and complementarity effects. 
The selection effect is the covariance between the relative yield of species in mixture and 
their biomass in monoculture (S cov[∆RY,M]) where S is the number of species, RY is 
relative yield and M is the monoculture biomass.  The complementarity effect is the mean 
relative yield in mixture compared to the expected weighted average biomass of the 
component species (S x mean∆RY x meanM).  We added Fox's (2005) ‘trait independent’ 
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and ‘trait dependent’ complementarity measures together as a correction factor, as suggested 
by Hector (2006).    
Species diversity was determined for each plot to test whether niche overlap and net 
biodiversity effects predicted species richness decline. We used species richness as our 
measure of species diversity (ln-transformed to improve normality).  Species richness is only 
one component of diversity, but in this case, it was highly positively correlated with species 
diversity (r = 0.76, n = 64) as measured by the inverse Simpson’s index (1/∑ pi2, where pi is 
relative abundance).  Thus, results would be similar whether richness or Simpson’s diversity 
was used as a response variable. Since we are looking at the predictive ability of these 
measurements, we used species richness data from 2010, 3 growing seasons after the initial 
planting. There was a huge drought in 2011 so data after 2010 was not included as diversity 




Although we initially predicted that higher niche overlap in canopy heights would 
decrease species richness, we found that canopy height overlap had a significant positive 
effect (see results below). We tested whether these results could be explained by 
asymmetrical competition, where large body mass (e.g. tall) species would be impacted to a 
much smaller extent than small body mass (i.e., short) species during competition.  It has 
long been known that systems with high competition intensity are expected to lower diversity 
if carrying capacities differ, where species 2 will persist, and species 1 will go locally extinct 
if K2 > K1 / α12 (reviewed by Crawley, 2007; Tilman, 2007).  Likewise, species 1 will persist 
56 
 
and species 2 will go locally extinct if K1 > K2 / α21 (Morin, 2011).  Thus, if there is variation 
in K’s across species in a mixture, then there should be a greater frequency of local 
extinction if competition is occurring.  Variation in K is conceptually similar to the 
equalizing mechanism of Chesson (2000) and represented by CVmono across monocultures in 
our models. 
Diversity could also decline if competition coefficients are greater than one or if 
competition is asymmetrical.  This could explain how high canopy overlap positively impacts 
species richness.  If high canopy overlap leads to high competition and competition is 
symmetrical, we would expect high canopy overlap to decrease diversity. If high canopy 
overlap actually decreases asymmetrical competition, we would expect high canopy overlap 
to increase diversity. We used Lotka-Volterra equations to explore the effects of 
asymmetrical competition on diversity using a two-species system where Ni is the number of 
individuals of species i, ri is the intrinsic growth rate of species i, Ki is the carrying capacity 









We then solved for equilibrium of a two species system.  











Our model varied carrying capacity (K) and competition coefficients (α12 and α21) and 
measured the resulting Simpson’s diversity (1/D) to determine the impact of asymmetrical 
competition on diversity. Keeping the model simple, we kept intrinsic growth rate (r) 
constant throughout the model at 0.5. Our baseline set α12 and α21 equal to 0.75 where both 
species had the same carrying capacity (K) set to 1000 (2000 total individuals for the system 
carrying capacity). We then modeled diversity changes as K varied between species. We kept 
the total number of individuals in the model constant at 2000, and K1 increased as K2 
decreased in increments of 100 up to a total difference of 1000. Next, we kept K constant for 
both species at 1000 while we varied the strength of α starting at 0.01 and ending at 1.5, 
keeping α symmetrical. Finally, we varied α asymmetry between species increasing α12 while 
decreasing α21 in increments of 0.15 up to a total difference of 1.5/ 0.01, where large 
differences between α12 and α21 corresponds to increasing asymmetrical competition.  
This model makes several simplifying assumptions. Holding intrinsic growth rate 
constant allows us to look at a simple demonstration of asymmetrical competition, but past 
work has shown that variation in intrinsic growth rate can also lead to differences in 
community diversity (Loreau and de Mazancourt, 2013). We also do not include stochasticity 
for simplicity but adding stochasticity to the model would allow for extinctions to occur 
earlier as stochastic events cause species with low populations to reach 0 and drop out of the 
system. As species rarity increases, we expect the likelihood of extinction to increase 
(Duncan and Young, 2000). We recognize nature is more complex, but beyond the scope of 





Statistical Analyses  
 
Canopy height and rooting depth overlaps were compared for native and exotic 
communities with a mixed model ANOVA with Kenwood Rodgers corrections using PROC 
MIXED in SAS 9.4 to determine if these niche overlaps were significantly different 
depending on species origin. Block, origin and irrigation treatment were fixed effects and 
species draw was a random effect.  
The relative contribution of equalizing and stabilizing mechanisms in diversity 
maintenance was determined using structural equation models (SEM). All structural equation 
models were done in SAS 9.4 using PROC CALIS. Structural equation models were tested 
with a forward selection process with simple models that became more complex to test 
hypotheses.  We took a confirmatory approach (Grace, 2006) to determine if our diversity 
maintenance measures were significantly related to richness, and compared hypotheses using 
AIC values and r2 for each model. The first model included only equalizing mechanisms, or 
the CVmono from monocultures, as a determinant of species richness. We then examined 
stabilizing mechanisms through niche overlap measures (canopy, rooting depth and temporal 
overlap) to determine the relative impact of each niche measure on diversity. We then added 
CVmono and niche overlap measures to account for equalizing and stabilizing mechanisms 
together. Finally, we added the selection effect and complementarity effect to test whether 
remaining variation could be accounted for after taking into account niche overlap measures, 







Niche overlap measures in native vs. exotic communities 
 
Native communities showed lower temporal overlap, and higher canopy height 
overlap than exotic communities. Native communities had 15.2% higher canopy height 
overlap than exotic communities (F1,12.2 = 12.2, p < 0.001) with no effect of irrigation 
treatments (Figure 3.1, Table 3.2). There was no significant native-exotic main effect in 
rooting depth overlap, but there was a significant interaction with the irrigation treatment 
(F1,38.9 = 14.24, p < 0.001) (Table 3.2).  Exotics had greater rooting depth overlap than 
natives in the non-irrigated condition but had non-significant differences when irrigated 
(Figure 3.2). Temporal overlap was 23% higher in exotic communities than natives (Wilsey 
et al., 2011). 
Table 3.2  Mixed model ANOVA results (F-tests) that compared canopy height overlap and 
rooting depth overlap between native and exotic plots (Origin) that received summer 
irrigation or not (Irrigation). 
 Effect DF F Value P Value 
Canopy Height Overlap 
 Block 1, 13 0.62 0.45 
 Origin 1, 12.2 31.91 < 0.01 
 Irrigation 1, 7.51 0.18 0.69 
 Origin * 
Irrigation  
1, 6.84 3.34 0.11 
Rooting Depth Overlap 
 Block 1, 14.7 5.71 0.03 
 Origin 1, 8.49 0.99 0.35 
 Irrigation 1, 10.1 0.32 0.58 
 Origin * 
Irrigation  




























Figure 3.1  Mean and standard error for canopy height overlap in native and exotic 
communities.  
 
Figure 3.2  Mean and standard error for rooting depth overlap in exotic and native 




Structural equation models accounted for a significant amount of variation in species 
richness.  CVmono in biomass had strong effects on richness decline (Table 3.3) and accounted 
for 21% of the variation. The simplest model that included just CVmono explained less than 
models with stabilizing mechanisms of niche overlap measures (Figure 3.3).  Including niche 
overlap measures showed that rooting depth overlap was not significant and was negatively 
correlated with species richness. Temporal overlap had a non-significant direct negative 
effect on species richness (Figure 3.4), and an indirect effect through its negative correlation 
with canopy height overlap. Canopy height overlap had a significantly positive effect on 
species richness (opposite of our original prediction). The three niche overlap measures 
explained 39% of the variation in richness. Stabilizing (niche overlaps) and equalizing 
mechanisms (CVmono) together explained 50% of the variation. CVmono remained significantly 
negatively correlated and canopy height overlap significantly positively correlated to species 
richness.  Rooting depth overlap was negatively related to richness.  Again, temporal overlap 
had a strong indirect effect on richness through a significantly negative correlation with 
canopy height overlap.  Plots with high temporal overlap had low canopy overlap. 
Including complementarity or selection effects after other measures improved the 
model fit but including both did not improve the model beyond including just one (Table 3.3, 
AIC values). Adding the selection effect improved the model fit explaining 61% of the 
variation. Selection had a significant negative effect on species richness. Adding 
complementarity explained 60% of the variation and had a significantly positive effect on 
species richness. When both complementarity and selection were added to the model they 
explained 62% of the variation but greatly increased the AIC. Selection had a significantly 
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negative effect and complementarity a significantly positive effect on species richness 
(Figure 3.3). These two terms were significantly negatively correlated, so high 
complementarity was associated with low selection effects and vice versa.  
 
Table 3.3  Model selection and fit for structural equation models predicting species 
richness, listed from simple to complex. CVmono represents coefficient of variation across 
monocultures from corresponding species (equalizing effects). Root (rooting depth overlap), 
temporal (temporal overlap) and canopy (canopy height overlap) are niche overlap measures. 
Complementarity and selection effects are added for the most complex models. 
Model AIC r2 
CVmono 6.0 0.21 
Canopy, root, temporal 20.0 0.39 
CVmono, canopy, root, 
temporal 
30.0 0.50 
CVmono, canopy, root, 
temporal, selection 
42.0 0.61 
CVmono, canopy, root, 
temporal, complementarity 
42.0 0.60 








Figure 3.3  Structural equation models explaining species richness with A) just CVmono 
across monocultures as equalizing effects, B) niche overlap measures (canopy height, rooting 
depth and temporal overlap) as stabilizing effects, C) equalizing effects and niche overlap 
measures (canopy height, rooting depth and temporal overlap), D) equalizing effects, niche 
overlap measures and selection, E) equalizing effects, niche overlap measures and 
complementarity, and F) the full model with equalizing effects, niche overlap measures, 
selection and complementarity. Squares represent measured variables where circles represent 
unexplained error. Bold arrows are significant (* corresponds to p < 0.05, ᶧ corresponds to p 
< 0.10). Straight arrows are direct effects and curved blue arrows are correlations (only 
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Figure 3.4  Bivariate relationships between predictor variables and species richness  across 
exotic and native communities for: A) the coefficient of variation from monocultures of 
species in each mixture, B) rooting depth overlap calculated with the Pianka index, C) 
canopy height overlap calculated with the Pianka index, D) temporal overlap between early 




Lotka-Volterra modeling of asymmetry 
 
Contrary to our predictions, canopy height overlap was positively correlated with 
species richness, suggesting it is not acting as a stabilizing mechanism in this system. When 
two species have symmetrical effects on one another (α21 = α12), then the species with the 
higher carrying capacity (K) outcompetes and eventually drives the less dominant species to 
extinction (competitive exclusion) (Figure 3.5A, Figure 3.6). Diversity can also be lost when 
competition coefficients (α’s) are greater than 1 (or when species compete more strongly 
with neighbors than with conspecifics) due to an unstable equilibrium (Figure 3.5B, Figure 
3.7). While at equilibrium, the system maintains both species but if the system is perturbed 
slightly, it will trend toward competitive exclusion for whichever species has the advantage 
following the disturbance event. Both of these scenarios, however, seem unlikely to describe 
why increasing differences in canopy height lead to competitive exclusion in our system, as 
canopy height overlap is consistently higher in natives than exotics and the larger species is 
usually the winner (rather than an unstable equilibrium where either competitor could win).  
Asymmetrical competition, however, may explain how diversity loss is greater with 
low canopy height overlap (i.e., short and tall species present). As alphas became more 
asymmetrical, diversity declined more rapidly (Figure 3.5C, Figure 3.8) than when 
competition was symmetrical.  When alphas were only 0.2 apart, the population for the worse 
competitor was reduced to 22% of its carrying capacity, while the better competitor achieved 
87% of its carrying capacity. When the difference in alphas was more extreme the population 
for the worse competitor was excluded entirely. The more asymmetrical the competition 
coefficients, the lower the diversity. 
66 
 
Difference Between Carrying Capacities














































































































Figure 3.5  Diversity when competition intensity α and carrying capacity K are varied in a 
two species system. In A) K is varied for K1 and K2 in increments of 100 from 1000, B) α is 
varied in strength but kept symmetric (note the vertical dashed line at 1 indicates unstable 
equilibrium), and C) α is varied to become more asymmetric in increments of 0.15 up to a 
total difference of 1.50 / 0.01. Symbols represent the state of the equilibrium (stable 
coexistence, unstable, or competitive exclusion). Note that a Simpson’s index (Y axis) has a 
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Figure 3.6  Zero growth isoclines when difference in carrying capacity (K) varies from 0 to 
1000. Solid and dashed lines represent isoclines from two species. Dotted lines represent 0. 

















































































Figure 3.7  Zero growth isoclines when competitive coefficients (alpha) increases above 1. 
Solid and dashed lines represent isoclines from two species. When alpha becomes greater 
than 1, equilibrium points become unstable, where perturbations away from the equilibrium 
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Figure 3.8  Zero growth isoclines when difference in competitive coefficients (alpha) varies 
from 0 to 1.49 resulting in asymmetrical competition. Solid and dashed lines represent 
isoclines from two species. Dotted lines represent 0. When species isoclines do not cross 






We found very strong effects of equalizing mechanisms on the maintenance of 
species richness.  As has been found previously (Wilsey et al., 2009, 2011), variation in 
biomass among interacting species (CVmono) was negatively related to richness.  Similarly, 
having variation in canopy heights also reduced richness, which was opposite our prediction 
of height partitioning having a stabilizing effect that maintains richness at high values.  We 
did find support for stabilizing mechanisms due to temporal and rooting depth overlap. 
Stabilizing mechanisms partially balanced equalizing effects, allowing species to coexist 
through greater niche partitioning (Adler et al., 2007; Harpole and Tilman, 2007).  However, 
such strong equalizing mechanisms have not been noted previously in the literature (Wilson, 
2011).   
Including niche overlap measures in the model drastically improved the fit and 
increased the predictability of species richness after three growing seasons compared to 
models with just equalizing mechanisms present. Specific niche overlap measures varied in 
their effectiveness to improve the model fit, where canopy height overlap was a significant 
variable across all models, temporal overlap improved the model considerably, and rooting 
depth improved the model minimally. The small rooting depth overlap impact may have been 
due to the significant interaction with irrigation treatments where overlap was higher in 
exotics only in non-irrigated plots.  At least in non-irrigated situations, our results are 
consistent with past studies that found that rooting depth partitioning may be important for 
coexistence (Fargione and Tilman, 2005; Dornbush and Wilsey, 2010). In our system, 
rooting depth overlap was not as strong of a predictor of richness decline as other overlap 
measures.  As found in Wilsey et al. (2011), temporal overlap significantly impacted richness 
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declines. Our structural equation models support including direct niche measures, which 
increased the predictability of diversity over time, and improved the model fit considerably 
compared to including only carrying capacity differences (CVmono) alone.  
Native communities had significantly higher complementarity than exotics due to 
overyielding in mixture (Wilsey et al., 2011). Adding selection and complementarity to niche 
overlap models improved the model only minimally while greatly increasing the AIC. 
Furthermore, selection and complementarity were highly negatively correlated, and including 
both measures only increased the AIC without explaining any additional variation. This 
suggests that including one rather than both would be a more appropriate model for 
predicting diversity loss in future studies.  
Counter to our predictions, canopy height overlap was significantly positively 
correlated with species richness, indicating that high canopy overlap was associated with 
higher levels of diversity. The importance of having similar canopy heights among species 
suggests that the major driver of diversity maintenance is largely due to equalizing 
mechanisms rather than stabilizing mechanisms. In our case, canopy overlap was higher in 
native species than exotics, suggesting that native communities are not disadvantaged from 
having high canopy overlap. Large height differences among exotic species played a 
significant role in diversity loss among shorter species.   
Richness can be reduced in communities by having differences in K (Morin, 2011), 
by having alphas greater than one (May and McLean, 2007), or by asymmetrical competition.  
Differences in canopy height may have led to asymmetrical competition as seen in our Lotka-
Volterra demonstration, and we suggest that this might have been the most likely cause for 
declines in species richness.   In our system, it is unlikely that diversity loss was due to 
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alphas being greater than one since yielding in mixtures (NBE) were typically greater than 
one (Wilsey et al. 2011), indicating that intraspecific competition was greater than 
interspecific competition and that alphas were less than one.  Furthermore, previous research 
has found that tall plants consistently competitively exclude shorter plants (Leach and 
Givnish, 1996; Huang et al., 2013).  Canopy height differences (i.e., low canopy overlap) can 
cause asymmetrical competition when tall species have a much larger competitive effect on 
shorter species than the reverse (Schwinning et al., 2017).  As competition becomes more 
asymmetrical, diversity is reduced.  This suggests that native species minimizing 
asymmetrical competition may have maintained species richness in this system. This 
supports the findings of DeMalach et al. (2017), who recently found that light asymmetry 
significantly decreased species richness. Communities that received fertilization had larger 
size asymmetry between individuals which in turn lowered light received by smaller plants 
causing the smaller individuals to experience higher levels of competition.  Taller individuals 
experienced little competition from their smaller neighbors. Similarly, Schwinning et al. 
(2017) found that the invasive grass Sorghum halepense had 20-22% reduction in biomass 
when competing with native grasses, whereas, the native grasses had 96-98% decline in 
biomass in competition with Sorghum halepense.  Sorghum halepense was a highly dominant 
exotic species in our experiment.  Competition this asymmetrical, compounded with 
differences in K’s among species (CVmono) could have quickly reduced species diversity.   
We used a common environment experiment to examine the roles of diversity 
maintenance mechanisms, but there are some caveats that are worth noting. This study used 
an experimental diversity gradient that contained either all native or all exotic communities 
to determine the effects of equalizing and stabilizing mechanisms on diversity maintenance.  
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This difference between natives and exotics created the gradient in diversity that we studied.  
Some communities in the field have some proportion of exotics and natives rather than 
purely native or exotic communities. We used the extremes to compare fully invaded (novel 
ecosystems) and non-invaded states.  Furthermore, plant-plant interactions can become 
facilitative in more stressful environments (Bertness and Callaway, 1994) and are not always 
based on competition for resources.  
We chose canopy height, rooting depth and temporal overlap as our measurements of 
niche overlap as these directly relate to resource use and competition. Our results suggest that 
rooting depth overlap had smaller effects on species richness than canopy and temporal 
aspects. Explaining diversity maintenance with niche overlap measures proved valuable but 
deciding which niche dimension to measure is important. Additionally, structural equation 
modeling allowed us to see the relative importance of these traits, and how they impacted 
diversity maintenance within the system. Canopy height significantly impacted species 
richness in our experiment but may not be as important in grasslands that are grazed with 
lower light interception (Isbell and Wilsey, 2011), and further research is needed before 
extrapolating the importance of canopy overlap and asymmetrical competition to a wider 
range of grazed conditions.   
In conclusion, we found that directly measuring niche differences within communities 
greatly improved our understanding of diversity decline.  Out of our three niche overlap 
measures (canopy height overlap, temporal overlap, and rooting depth overlap) we found that 
species richness was most strongly correlated with canopy height overlap, and that this 
association was positive rather than negative. Further research should be done to determine 
the mechanisms behind high canopy height overlap being positively correlated with species 
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richness. We suggest these results may be due to high asymmetrical competition in 
communities with canopy height differences, and further work should consider the level of 
symmetry of interactions and not just intensity. Overall, we found very strong evidence for 
equalizing mechanisms due to minimizing carrying capacity differences among species, and 
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CHAPTER 4.    EXOTIC GRASSLAND SPECIES HAVE LARGER SOIL LEGACY 
EFFECTS ON SEED GERMINATION THAN NATIVE SPECIES 
A publication for submission to an international journal 




Soil legacy effects occur when a plant community alters soil characteristics and 
impacts the following community establishment. Legacy effects from plant soil feedbacks in 
exotic communities can inhibit native species establishment and growth even after the exotic 
community is removed. We hypothesized that following removal of native and exotic 
dominated communities there would be a difference in legacy effects due to prior 
communities.  The difference could be explained by either a) reductions in nutrients, b) 
bacterial community differences and/or c) feedbacks from individual species such as 
allelopathy. We used soil from a previous greenhouse experiment which seeded one of 14 
triplets of native, exotic-cultivated or exotic-wild priority species followed by a native seed 
mix. Exotic seeded pots were near monocultures whereas native pots were diverse mixtures.  
The following growing season we seeded Schizachyrium scoparium as a bioassay on soils 
from this experiment and measured above ground biomass, below ground biomass and 
emergence rates to determine if there was a soil legacy effect. We found stronger legacy 
effects from exotic species compared to natives in emergence, but not biomass measures. We 
found no evidence that these legacy effects were due to nutrient depletion or shifts in 
bacterial communities. Exotic legumes had stronger negative legacy effects than exotics in 
other functional groups, and this was unrelated to previous years biomass suggesting the 
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possibility of allelopathic effects.  Our results suggest that exotic species can have long-term 




Legacy effects occur when previous communities or individuals leave a lasting effect 
on communities that come later, even after the previous community has been completely 
removed.  This is possible due to plant soil feedbacks, where plants impact the soil and can 
cause differential growth responses (Kardol et al., 2007). Restorations seek to establish 
native diversity and soil legacies can lower native success even after exotic species are 
removed.  
These effects can sometimes last years.  Restoration efforts in Black Earth 
Rettenmund Prairie in Wisconsin, U.S.A. could still see impacts of woody plant legacy 
effects 25 years after trees and shrubs were removed (Brock, 2014). Elgersma et al. (2011) 
found that two years after manipulating three forest understory species soil function was still 
largely determined by below ground legacy effects from the previous community rather from 
than the current one.  
There are three often recognized mechanisms for soil legacy effects: the reduction or 
change in nutrients and water availability (Ehrenfeld et al., 2001), the production of 
allelochemicals that can harm other species (Bais et al., 2003), or the increase or decrease of 
a microbial community containing both pathogens and mutualists (Bever, 2002; Klironomos, 
2002; Batten et al., 2008; Elgersma et al., 2011). These three mechanisms can be difficult to 
tease apart, especially in natural experiments where historical differences across sites may 
interact with the plant and soil communities. This is further complicated in that each of these 
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mechanisms can cause positive and negative feedbacks under different scenarios and 
different time scales. Legacy effects have been found due to variation in within seasonal 
phenology (Grman and Suding, 2010), succession (Kardol et al., 2007) and leaving long 
lasting (years) effects after a new community is formed (Elgersma et al., 2011; Brock, 2014).   
Exotic plant species may exhibit a differential legacy effect, or a change in soil 
properties, compared to native plant species. Exotic species can change soil functions by 
increasing nitrogen availability, decreasing the soil pH and increasing litter decomposition 
(Hobbie, 1992; Ehrenfeld et al., 2001), leading to increased invasion success through positive 
feedbacks. Exotic species also tend to have higher primary productivity and carbon stores, 
altering the uptake of nutrients as well as the release back into the environment as litter 
(Ehrenfeld, 2003). Highly productive exotics uptake more nutrients from the soil than native 
counterparts, sequestering them in biomass and effectively reducing the remaining available 
nutrients.  This could be behind the legacy effect. Positive feedback loops formed by 
invaders tend to promote the invaders themselves (Hobbie, 1992; Ehrenfeld, 2003; Callaway 
and Ridenour, 2004).  As a result, removing invaders may not be enough to reestablish native 
communities once this soil feedback loop is altered.  
Legacy effects may also be a result of differences in composition of  microbial 
communities under exotic and native communities (Kourtev et al., 2002). Exotic invasion 
success can be in part attributed to a release from soil-based pathogens (Klironomos, 2002; 
Callaway and Ridenour, 2004; Kulmatiski et al., 2008). Klironomos (2002) showed that 
native species in Canadian grasslands built up soil pathogens, while invasive species had 
very few. In these cases, native species produce negative feedbacks, where an individual 
grows better in soil inoculated with the microbial community from other species rather than 
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soil its own species habituated (Bever, 1994). Alternatively, fungal associations, especially 
with mutualistic mycorrhizal fungi, can allow individuals to exert positive feedbacks, 
increasing their own growth through mutualistic associations with the microbial community 
(Klironomos, 2002). Shannon et al. (2014) found that two invasive shrubs reduced later 
arbuscular mycorrhizal fungi (AMF) associations in native plant species even after they were 
removed, while one invasive increased AMF associations in natives.  
Functional groups may also impact nutrient availability or soil biota and cause legacy 
effects. Legumes can convert atmospheric N2 to ammonia using rhizobia bacterial symbionts 
present in their roots (Day et al., 2001; Gage, 2004). This association can increase soil 
nitrogen availability for future crops (Drinkwater et al., 1998). Thus, communities that are 
legume dominated are more likely to increase available nitrogen for following communities 
compared to other functional groups. Furthermore, plants tend to grow better in soil from 
species in other functional groups than from the same group, particularly for graminoids 
(Cortois et al., 2016), possibly due to a  buildup of pathogens. If pathogens are more 
prevalent under natives than exotics, natives may experience stronger negative feedbacks 
than exotic invaders.  
Exotic legacy effects negatively impact native competitors in addition to the positive 
feedbacks on intraspecific growth. Past studies have found that even after exotic plants are 
removed, native plants suffer from reduced growth compared to treatments without an exotic 
history (Batten et al., 2008; Grman and Suding, 2010; Shannon et al., 2014). Grman and 
Suding (2010) found that in California grassland communities, exotics had a soil legacy 
effect on incoming natives that reduced biomass by 74%. If exotics merely exhibited positive 
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feedbacks on their own invasion success, they should not inhibit native growth once removed 
in this way. 
Some exotic species may also have allelopathic properties, causing soil changes that 
reduce neighboring species’ success while increasing invasion success. This is commonly 
referred to as the “novel weapons hypothesis” when exotics have a stronger negative effect in 
their novel invaded communities than they did in their native ranges (Callaway and 
Aschehoug, 2000). A recent review by Chen et al. (2017) cites allelopathy as a major reason 
for the invasive success of serval highly invasive species including Centaurea species 
(knapweed), Solidago canadensis (Canada goldenrod), and  Alliaria petiolata (garlic 
mustard). Knapweed species have been shown to have strong inhibitory effects in invaded 
ranges due to phytotoxins exuded from the roots, effectively killing neighboring plant root 
systems and leading to greater invasion success (Bais et al., 2003). Garlic mustard effectively 
suppresses the fungal mutualists of neighboring plants in its invaded range, while plants that 
evolved in close proximity depend less on these same mutualists (Callaway et al., 2008). 
Traits that promote exotic success through increased productivity, pathogen release or 
allelochemicals may be further exasperated by possible selection during introduction. 
Humans purposefully introduced many plant species into grasslands to help prevent soil 
erosion, for forage, or for aesthetic purposes (Mack and Lonsdale, 2001). Many introduced 
species were subsequently cultivated (Weintraub, 1953) and experience additional human 
selection to increase both yield and stress tolerance (Perry and D’Antuono, 1989). Exotics 
which have been introduced have the potential to display traits which increase their ability to 
outcompete natives and form positive feedback loops (Van Kleunen et al., 2015), making 
them more successful than exotics from their native range and increasing soil legacy effects.  
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In this study, we examine the strength of legacy effects from exotic cultivated, exotic 
wild and native dominated experimental pots after one growing season. Wilsey et al. (2015) 
used 14 native and exotic paired species to test the strength of priority effects in native 
central U.S. grassland species, exotic wild (exotic species taken from their native range) and 
exotic cultivated (exotic species taken from their invaded range). Over one growing season 
these treatments formed native dominated and exotic dominated communities with no 
evidence of differences between exotic treatments from wild and cultivated ranges. We 
hypothesized there will be a difference in the soil legacy effect between exotic and native 
communities and between cultivated exotics and those from their native range. We 
additionally tested if these differences are a result of either (a) previous year’s aboveground 
biomass and nutrient availability where higher previous biomass results in lower productivity 
due to nutrient depletion, (b) dominant functional group and nutrient availability where 
legumes increase available nitrogen resources and (c) microbial community differences 
between natives and exotics where established microbial communities benefit plants similar 




To determine the legacy effects of native and exotic dominated treatments, we 
conducted a bioassay of soil previously used to study native and exotic priority effects, which 
resulted in high diversity native communities and low diversity exotic communities (Wilsey 
et al., 2015). Prior to the experiment, all field soil was taken from an unmowed field in Iowa 
dominated by Bromus inermis. The soil was not fertilized during the experiment. The soil 





-, of 137.7, 377.3, 4.0 and 25.7 mg kg-1 respectively (based on means, n=3). Soils were 
collected in autumn 2012, weeds were removed prior to the experiment. 
We used four priority effect treatments: exotic cultivated, exotic wild (seeds from 
native range), native and a control treatment that had no priority effects. Early species 
treatments were paired for a total of 14 species pairs with members from each of the major 
functional groups (6 C3 grass pairs, 2 C4 grass pairs, 2 forb pairs and 4 legume pairs) (Table 
4.1). Within each species we included 1-2 seed sources for a total of 23 seed sources per 
treatment X 3 treatments equaling 69 priority effect seed sources with 11 controls for a total 
of 80 units (Wilsey et al., 2015). Species within each treatment were seeded in large pots 
(27.5 cm diameter, 30 cm deep) in the Bessey greenhouse at Iowa State University three 
weeks prior to a 39 native species seed mix. 
At the end of the growing season, biomass was harvested from each pot at the soil 
surface, dried at 60°C for three days, and weighed by species to determine biomass in each 
pot. Following above ground biomass removal, each pot had 2 soil samples preserved in 
15.25 cm pots. Soil was taken from the center of the pot. They were not sifted for leftover 
belowground biomass in an effort to maintain the relative soil structure and rhizosphere from 
the year before. These samples were then stored over the winter and sealed at cool 
temperatures. 
We used Schizachyrium scoparium (Little Bluestem) as a bioassay species to 
determine if there were differential legacy effects in the growing season following the native 
and exotic treatments.  S. scoparium is a common native species across tallgrass prairie 
regions, which is why it was used as the bioassay species.  Differential growth in S. 
scoparium indicates different legacy effects. In February, each pot received 50 S. scoparium 
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Table 4.1  14 species pairs planted prior to a native species seed mix which formed native 
or exotic dominated communities.FG indicates functional group (C3 grasses, C4 grasses, 
forbs, and legumes). 
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K Trifolium repens White clover Dalea purpurea Purple prairie 
clover 
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seeds as a bioassay of the relative legacy effects of each treatment and was placed in the 
Bessey Greenhouse at Iowa State University. The seeds received no fertilization treatment. 
Over the course of the growing season, the count of total seedlings was taken, with 
emergence being quantified with the value taken on May 6th as this date had the highest 
emergence counts. Any weeds that grew from the previous year’s seed mix were pulled as 
soon as they could be identified as a non-S. scoparium seedling. Biomass was harvested June 
4th, 2014. Above and below ground biomass was harvested, dried to constant mass at 65 °C 
for three days, and weighed.  
To determine if there were legacy effects, we used a mixed model ANOVA with 
treatment origin as the main effect, and species as a random effect using PROC MIXED in 
SAS 9.4.  To test if the legacy effects we observed were caused by the previous year’s 
biomass, we ran a mixed model ANOVA with previous year’s biomass as a covariate, 
treatment origin as the main effect, and species as a random effect. We ln transformed 
previous year’s total biomass to improve normality. Differences between priority effect 
treatments were determined using Tukey’s test (adjusted p =0.05) if significant. 
To compare functional group differences, we found a response variable calculated as 
the (response – control mean) / control mean. In this way, pots that had higher responses than 
controls are represented as positive, and those that had lower responses are negative. Priority 
species were taken across multiple functional groups which are known to impact soil 
nutrients differently. We then ran a mixed model ANOVA with functional group (4 levels of 
C3 grasses, C4 grasses, forbs and legumes) and treatment origin (3 levels of native, exotic-
cultivated, and exotic-wild) as main effects, and species as a random effect using PROC 
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MIXED in SAS 9.4. We then used the /slice function and found the Tukey’s adjusted (p = 
0.05) differences between treatments within functional groups.  
 
Bacteria Community Composition 
 
We tested for bacterial compositional differences across treatments. 10 cm soil cores 
taken from the center of each of the original large pots were analyzed prior to S. scoparium 
growth to determine if any bacterial differences were present that would lead to legacy 
effects. Soil cores were stored at -80 °C until library preparation for sequencing and were not 
sieved as it was unnecessary. Microbial DNA was isolated from 0.25 grams of soil using the 
PowerMax® Soil DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA) following the 
manufacturer’s instructions. Samples were sent to Argonne National Laboratory (Lemont, 
IL) for amplicon library preparation and sequencing. The amplification of the V4 region of 
16S rRNA construction of amplicon libraries was performed using primers (515F-806R) and 
protocol described by Caporaso et al. (2012).  Agarose gel electrophoresis was used to 
determine the presence of PCR products, and DNA concentration was measured with Quant-
iT PicoGreen dsDNA Assay Kit (ThermoFisher / Invitrogen). The samples were sequences 
using sequencing primers for pair-end sequencing. The samples were sequenced utilizing 
forward barcoded primers on MiSeq (Illumina, San Diego, CA).  
Raw sequence data was processed at Pacific Northwest National Lab. Reads were 
quality filtered with BBDuk2 (Bushnell, 2014) to remove adapter sequences and PhiX with 
matching kmer length of 31 bp at a hammering distance of 1. Reads that were shorter than 51 
bp were discarded. Reads were then merged using USEARCH (Edgar, 2010) with a 
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minimum length threshold of 175 bp and maximum error rate of 1%. Sequences were 
dereplicated (minimum sequence abundance of 2) and clustered using the distance-based, 
greedy clustering method of USEARCH (Edgar, 2013) at 97% pairwise sequence identity 
among operational taxonomic units (OTUs). De novo prediction of chimeric sequences was 
preformed using USEARCH during clustering. Taxonomy was assigned to OTU sequences 
using BLAST (Camacho et al., 2009) alignments followed by least common ancestor 
assignments across SILVA database version 123 clustered at 99% (Quast et al., 2013). OTU 
seed sequences were filtered against SILVA database version 123 clustered at 99% to 
identify chimeric OTUs using USEARCH.   
The preliminary statistical analysis was conducted in QIIME using the “core 
diversity” script (Caporaso et al., 2010). We normalized the number of sequences per sample 
by rarefication to the lowest number of reads in the bacterial library (18,921). The 
normalized data was used in all statistical tests. One sample contained significantly lower 
reads and was therefore removed from the analysis as an outlier along with the corresponding 
pairs from the original study. Archaea were also removed from the analysis as they remain 
highly consistent across samples. PC-ORD v.5 was used to perform a non-metric 
multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity matrices and a multi-
response permutation procedure (MRPP) to evaluate if there were differences in bacterial 
community composition across origin treatments. Simpson’s diversity (1/∑pi2 where pi is 
relative abundance) was calculated for bacteria communities and compared across treatment 
origins using a mixed model ANOVA with treatment origin as the main effect, and species as 






We found there was significant evidence for a legacy effect on emergence across 
treatment origins.  Native treatments resulted in significantly higher emergence than both 
exotic cultivated and exotic wild treatments (Figure 4.1, Table 4.2). There was no significant 
difference in above ground biomass or below ground biomass across treatment origins. 
 
Table 4.2  Mixed model ANOVA table for above ground biomass (g), below ground 








Source DF F P F P F P 
Previous Year's 
Biomass 
1, 40 0.02 0.88 1.73 0.20 2.66 0.11 
Origin 2, 40 1.12 0.34 0.63 0.54 7.71 <0.01 
 
 














































































































Figure 4.1  Means and standard errors of exotic cultivated, exotic wild and native priority 
treatments on a) above ground biomass response, b) below ground biomass response and c) 
emergence response. The zero line represents the control (no priority species). Letters 




We found that previous year’s biomass did not account for differences found between 
treatment origins (Figure 4.2). Previous biomass caused no significant differences in 
emergence counts (F1,40 = 2.66, p = 0.11), and including it in the model did not change the 
highly significant differences seen across species origin treatments (F2,40 = 7.71, p > 0.01) 
(Table 4.2). This suggests the high resource capture in exotic dominated pots did not reduce 
the nutrient availability in a way that would impact legacy effects the following growing 
season.  
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Figure 4.2  Emergence impact from a) Previous year’s biomass (g) and b) ln transformed 
previous year’s biomass for control, exotic cultivated, exotic wild and native priority 
treatments. 
 
The functional group of the previous priority treatment had large impacts on legacy 
effects across response variables (Table 4.3). Above ground biomass of Schizachyrium was 
marginally different across functional groups (p = 0.06). Below ground biomass was 
significantly different across functional groups (p < 0.01) as legumes resulted in significantly 
lower below ground biomass response than C3 grasses and C4 grasses (Figure 3). Functional 
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group interacted with treatment origin (p = 0.02). Slicing by functional group showed C3 
grasses had marginal differences across origin treatments (F2,38 = 2.53, p = 0.09), and 
legumes had significant differences across origin treatments (F2,38 = 4.57, p = 0.02) where 
both exotic treatments exhibited lower below ground biomass than natives (Figure 4.4). 
Emergence was significantly different across both treatment origin (p = 0.05) and functional 
group (p < 0.01) with no significant interaction (Table 4.4).  
Table 4.3  Mixed model ANOVA table for above ground biomass, below ground biomass, 
and emergence looking at effects of treatment origin and functional group. Tukey’s tests and 








Source DF F P F P F P 
Origin 2, 38 0.59 0.56 0.34 0.72 5.48 <0.01 
Functional Group 3, 38 2.66 0.06 5.42 <0.01 2.85 0.05 
Origin * Functional Group 6, 38 1.67 0.16 3.07 0.02 1.01 0.44  
Tukey's Test Across Species Origin 
Native vs. Exotic 
Cultivated 
38 
    
2.95 0.02 
Native vs. Exotic Wild 38 
    
2.76 0.02 
Exotic Cultivated vs. 
Exotic Wild 
38 
    
-0.19 0.98 
 
Tukey's Test Across Functional Group 
C3 vs. C4 38 
  
0.45 0.97 -0.21 1.00 
C3 vs. Forb 38 
  
0.58 0.94 -0.82 0.84 
C3 vs. Legume 38 
  
3.83 <0.01 2.23 0.13 
C4 vs. Forb 38 
  
0.14 1.00 -0.57 0.94 
C4 vs. Legume 38 
  
2.75 0.04 2.06 0.19 
Forb vs. Legume 38 
  
2.26 0.13 2.44 0.09  
Slicing By Functional Group 
C3 2, 38 
  
2.53 0.09   
C4 2, 38 
  
2.39 0.11   
Forb 2, 38 
  
0.25 0.78   
Legume 2, 38 
  






































































































Figure 4.3  Means and standard errors of functional groups (C3 grasses, C4 grasses, forbs and 
legumes) on a) above ground biomass response, b) below ground biomass response and c) 
emergence response. The zero line represents the control (no priority species). Letters 
represent significant differences between treatments (Tukey’s alpha = 0.05). 
 
Figure 4.4  Below ground biomass response variable by species origin treatment (exotic 
cultivated, exotic wild and native), and functional group (C3, C4, forbs and legumes). The 
zero line represents the control. 
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Table 4.4  Means and standard errors for above ground biomass response, below ground 
biomass response, and emergence by species origin (exotic cultivated, exotic wild and native) 
and functional group (C3, C4, forbs and legumes). 
 
Exotic Cultivated Exotic Wild Native 
 
Mean SE Mean SE Mean SE 
Above Ground Biomass Response (g) 
C3 0.4099 0.2081 0.2433 0.2081 0.2458 0.2217 
C4 0.357 0.3172 0.05099 0.3172 0.07443 0.2811 
Forb 0.7229 0.3604 0.9009 0.3604 0.1299 0.3607 
Legume -0.097 0.2381 -0.6038 0.2381 0.4016 0.244 
Below Ground Biomass Response (g) 
C3 0.4021 0.2481 1.1421 0.2481 1.0188 0.2632 
C4 1.3358 0.3722 0.6356 0.3722 0.2498 0.3329 
Forb 0.9234 0.4297 0.6326 0.4297 0.5036 0.4297 
Legume -0.0412 0.2813 -0.5537 0.2813 0.6454 0.2813 
Emergence 
C3 0.5065 0.3571 0.876 0.3571 0.3571 0.3788 
C4 1.4302 0.5357 1.0145 0.5357 0.5357 0.4791 
Forb 0.6628 0.6185 1.2597 0.6185 0.6185 0.6185 




Bacterial community composition was not significantly different across priority 
species origin treatments (A = 0.0002, p = 0.42) (Figure 4.5). Simpson’s diversity and 
species richness of the bacterial community was not significantly different across species 
origin treatments (Table 4.5).  
 
NMDS 1
















Figure 4.5  Bacterial community composition NMDS ordination across species origin 
treatments (exotic cultivated, exotic wild and native). Points represent ordination results 
based on a 2-dimentional solution. Phyla driving differences (correlation > 0.3) are 
Actinobacteria (r2 = 0.71 with NMDS 1, r2 = 0.38 with NMDS 2), Verrucomicrobia (r2 = 0.68 
with NMDS 2), Bacteroidetes (r2 = -0.50 with NMDS 1), Parcubacteria (r2 = 0.43 with 
NMDS 1), Actinobacteria (r2 = 0.38 with NMDS 2), Microgenomates (r2 = 0.36 with NMDS 




Table 4.5  Mixed model ANOVA table for bacteria community diversity measures (Bacteria 
Species Richness, Bacteria Simpson’s Diversity) looking at effects of treatment origin. 
Bacteria Simpson’s Diversity was natural log transformed to improve normality. 
Source DF F p value 
Bacteria Species Richness 2,40 0.81 0.45 
Ln Bacteria Simpson's 
Diversity 





We found soil legacy effects in emergence between soils from native and exotic 
dominated pots.  Below ground biomass of S. scoparium differed across exotic cultivated, 
exotic wild and native dominated communities, although there was little evidence of 
differences between exotic cultivated and exotic wild. This legacy effect was not related to 
the previous total biomass, suggesting that these differences were not a result of nutrient 
depletion from earlier communities. We found minimal evidence that legacy differences were 
a result of bacterial community differences between natives and exotics. Functional groups of 
previous priority species impacted legacy effects the following growing season. Legumes 
increased legacy effects on both below ground biomass and emergence of S. scoparium. 
Furthermore, exotic communities dominated by legumes had significantly lower below 
ground biomass than native counterparts.  
Legacy effects in emergence the following growing season showed native dominated 
communities had significantly higher emergence than exotics. This agrees with past research 
that found large legacy effects following exotic species removal (Grman and Suding, 2010; 
Rook et al., 2011). Rook et al. (2011) found legacy effects in native species richness 
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associated with historical proximity to an invasive legume even after multiple burns over a 6-
year time frame. Reduced emergence following disturbances can effectively limit incoming 
native seed from reestablishing. This can be particularly problematic for restorations, as 
many restoration practices involve removal of the exotics followed by native seeding (Rowe, 
2010). Low germination can then lower community resistance, increasing the likelihood of 
further invasion (Shea and Chesson, 2002).  
Although bacterial communities showed no difference across native and exotic 
dominated communities, further research is required to determine the importance of 
microbial communities on legacy effects in central U.S. grasslands. Recent work has 
suggested that fungal communities may better reflect plant – soil feedbacks (Checinska 
Sielaff et al. 2018; Kardol et al., 2007). We only had the opportunity to sequence the 
bacterial community and cannot say if the fungal community would have impacted legacy 
effects. Additionally, bacterial communities can turn over at a fast rate, with network 
connectivity across OTU’s increasing over time (Shi et al., 2016). We found the 
Proteobacteria phyla helped drive community differences, alluding to Shi et al.'s (2016) 
suggestion that Proteobacteria may serve important keystone roles. Further study looking at 
bacterial community impacts over time may provide more insight into the impact of bacterial 
legacies from native and exotic communities. 
Exotic legume dominated communities caused led to significantly lower below 
ground biomass than their native counterparts. Generally, legumes increase nitrogen 
availability through nitrogen fixation, and are commonly used as a method for retaining 
nitrogen in crop systems (Drinkwater et al., 1998). Increased nitrogen availability should 
facilitate future establishment, however, surprisingly, legumes negatively impacted below 
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ground biomass, particularly in exotic dominated communities.  The mechanism behind this 
legume effect remains unknown but suggests that the exotic species may be exhibiting 
allelopathy or having some belowground effects.  Our biomass estimates were based on 
aboveground biomass in the previous community only, and future work should address 
belowground biomass and allelopathy as possible sources of legacy effects. 
The dominant exotic legumes in our study (Trifolium repens, Melilotus officinalis, 
Lotus corniculatus, and Coronilla varia) have been shown to have allelopathic 
characteristics. Closely related Trifolium species are known to produce allelopathic 
chemicals (Maighany et al., 2007), although Shinwari et al. (2013) found little effect 
evidence of allelopathy in T. repens , which can vary from cultivar to cultivar.  Melilotus 
officinalis has been shown to suppress weeds, even following its removal (Blackshaw et al., 
2001) and is extremely noxious (Shinwari et al., 2013) due to the allelochemical Coumarin 
(Wu et al., 2016). Lotus corniculatus has also been shown to possess allelopathic chemicals 
(Shinwari et al., 2013). Stowe (2017) found evidence that Coronilla varia may exhibit high 
levels of allelopathy on neighbors, however, he also suggests that the bioassay may 
overestimate allelopathic importance due to a lack of correlation in field settings. Although 
these chemicals can be species specific, allelopathy could have left a larger legacy in our 
exotic dominated communities than natives, echoing the importance of the novel weapons 
hypothesis in invasion success (Callaway and Aschehoug, 2000; Bais et al., 2003; Hierro et 
al., 2005; Chen et al., 2017).  
There are some caveats to this study. This was a bioassay using S. scoparium to 
compare legacy effects. S. scoparium is a perennial species, and we cannot determine how 
these legacy effects would have impacted S. scoparium over multiple years (Kulmatiski and 
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Beard, 2011). We only looked at the effect on a single species in monoculture. Other species 
may respond to the legacy effects differently, and interspecific species interactions can alter 
legacy effects in communities. We did not include aboveground litter or allow for 
decomposition, a process which can contribute to differences in legacy effects (Ehrenfeld, 
2003).  
In conclusion, native and exotic communities showed different legacy effects in S. 
scoparium emergence and below ground biomass the following growing season, but the 
mechanisms behind these differences remain difficult to discern. Previous year’s biomass and 
bacterial community composition had little impact on legacy effects. Dominant exotic 
legume species caused strong negative priority effects, suggesting allelopathy may play a 
dominant role in legacy effects in native and exotic communities. Exotic legacy effects which 
decrease emergence are problematic for conservations and restorations looking to promote 
native plant diversity and establishment. Allelopathic chemicals can decrease root growth in 
natives, further decreasing stability and establishment success. Therefore, we suggest central 
U.S. grasslands which have experienced historical invasions are less likely to experience 
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CHAPTER 5.    GENERAL CONCLUSIONS 
We have entered an age where anthropogenic influences can be seen everywhere and 
are far reaching. Whether we introduced species for nostalgia or resources (Mack and 
Lonsdale, 2001; Wilkins and Humphreys, 2003; Daehler, 2008; Gravuer et al., 2008; 
Simberloff, 2013) species are spreading and were often selected for traits we desire. This 
influence is hard to measure, and just as hard to stop even after recognizing the possible 
invasive qualities of many species (Van Kleunen et al., 2015). It is important to understand 
how these species will continue to impact communities as we try to predict how species will 
continue to shift in the future.  
Exotic dominance is problematic as the consequences can be far reaching as diversity 
is lost. Lower diversity means communities are more at risk across variable disturbance 
events, and lower ecosystem services (Isbell et al., 2011; Tilman et al., 2014). Generally, 
higher diversity is expected to increase stability of the community where community 
variance is small compared to the productivity of the community (Gross et al., 2014), 
although this was not found with exotics at our field sites (Wilsey et al. 2014). Asynchrony in 
species responses to environmental variation allows the community to remain stable with 
higher levels of diversity (de Mazancourt et al., 2013), and this mechanism was found to be 
important in native communities (Wilsey et al. 2014).  Diversity in plant communities can 
also positively influence higher trophic levels, with positive effects on herbivores (Tallamy, 
2004; Scherber et al., 2010). Furthermore, loss of native plant species which are used by 
specialist herbivores may indicate the loss of species at higher trophic tiers. For example, 
exotic plants support fewer lepidoptera than natives, and those they do are generalists as 
opposed to specialists (Burghardt et al., 2010). 
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Lower diversity does not mean they are temporary; novel communities are not going 
anywhere. Wilsey et al. (2014) found that low diversity exotic communities had equal 
stability to high diversity native communities, primarily because the dominant grasses were 
stable. In the experiments presented here, we find exotics to have strong priority effects 
across water variability, indicating exotic priority effects are unlikely to diminish with 
environmental variability. Previously, early emergence would have been punished by late 
frosts or environmental variability, killing species which emerged too early in the season, but 
exotics are able to recover quickly from such disturbance events (Wilsey et al., 2011). 
Additionally, these exotic species dominate communities taking over niche space and 
eliminating diversity maintenance mechanisms.  Once established, exotics can leave legacy 
effects which negatively impact the return of native species, which would have to return 
largely from seed. Taken together, natives have little chance for recovery without human 
assistance. 
Restorations are an important part of preserving diversity. Restoration success is 
dependent on increasing native species success as well as inhibiting exotic species return and 
dominance. Understanding the importance of timing, diversity maintenance mechanisms, and 
legacy effects can help increase restoration success and preserve native communities.  
In chapter two, we found that increased water variability strengthened native priority 
effects when the growing season began dry but not just due to variability overall. The 
importance of timing and not just variability is invaluable to consider as extreme whether 
events will only serve to hurt natives while leaving little impression on many exotics (Wilsey 
et al., 2011). Years with early dry periods should indicate possible increased invasions as 
natives respond to the change in environment.  
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In chapter three, we find that native diversity is maintained in large part by equalizing 
effects across the community rather than niche overlap measures. Furthermore, we find that 
high canopy height overlap maintained native diversity rather than lowering it, suggesting 
that restorations that include species from a larger range of heights are unlikely to see shorter 
species succeed. Taller species are less likely to exhibit asymmetrical competition and may 
be more resistant to exotic pressure than short species. Asymmetrical competition may be 
more common than previously realized, and understanding which species compete evenly or 
asymmetrically can increase restoration success.  
Chapter four found the largest legacy effects from novel communities in the 
emergence of Schizachyrium scoparium rather than in above or below ground biomass. We 
used the greenhouse experiment to help determine how these legacy effects impacts the plant 
soil feedbacks but were limited in the conclusions towards how this would affect future 
community establishment and composition. As emergence was affected, this begs the 
question of if there is less emergence of native species following exotic community removal, 
would this be enough to increase invasion risk and possibly increase priority effects if exotic 
emergence is unaffected. Restorations that begin by removing aboveground biomass may not 
be successful if belowground legacy effects remain and negatively impact native recovery.  
Novel community compositions and environments continue to develop and predicting 
what these communities will look like in the future remains a challenge. Strong priority 
effects across precipitation variability treatments, high equalizing mechanisms and legacy 
effects all increase the impact and dominance of exotic species. This leads to increased 
reduction in diversity while inhibiting native communities. In the face of high exotic success 
and dominance, future research is necessary to determine the best way to preserve native 
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APPENDIX A.    PRIORITY EFFECTS ARE AFFECTED BY PRECIPITATION 
VARIABILITY AND ARE STRONGER IN EXOTIC THAN NATIVE 
GRASSLAND SPECIES SUPPLEMENTAL INFORMATION 
Table A.1  Species in the 39-species perennial native seed mix that were added 28 days after 
priority effect species.FG indicates functional group (C3 grasses, C4 grasses, forbs and 
legumes). Exotic, native and control sample sizes, means and standard errors by species were 
averaged across water variability treatments. Sample size is how many pots within exotic (N 
= 30), native (N = 30) and control (N = 21) treatments had biomass (g) > 0 for each species 
in the seed mix. Mean biomass (g) and standard error were calculated using the pots that had 
biomass (g) > 0. Zero sample sizes, means, and standard errors for sample sizes less than or 
equal to 1 are represented by –. 
     Exotic Native Control 
Species Family FG N 
Mean 
(g) SE N 
Mean 




canescens   Fabaceae LF 1 0.023 - 5 0.018 0.008 3 0.025 0.009 
Anemone 
canadensis   
Ranunculacea
e F - - - 1 0.078 - 2 0.007 0.004 
Artemisia 
ludoviciana  Asteraceae F - - - 2 0.261 0.010 2 0.238 0.188 
Asclepias 
tuberosa  Apocynaceae F 2 0.018 0.006 13 0.136 0.042 13 0.201 0.066 
Asclepias 
verticillata    Apocynaceae F - - - - - - - - - 
Baptisia alba Fabaceae LF - - - 5 0.041 0.008 5 0.234 0.129 
Bouteloua 
curtipendula   Poaceae C4  4 0.026 0.010 21 1.186 0.288 14 2.411 0.663 
Bouteloua 
gracilis   Poaceae C4  3 0.032 0.016 17 0.552 0.188 16 0.676 0.200 
Brickellia 
eupatorioides Asteraceae F - - - 16 1.550 0.396 10 2.987 0.493 
Coreopsis 
palmata   Asteraceae F - - - - - - - - - 
Delphinium 
virescens   
Ranunculacea
e F - - - - - - - - - 
Desmodium 
canadense   Fabaceae LF 7 0.090 0.020 19 0.731 0.164 17 1.402 0.337 
Eryngium 
yuccifolium  Apiaceae F - - - - - - - - - 
Gentiana 
andrewsii   Gentianaceae F - - - - - - - - - 
Geum 




Table A.1 Continued 
     Exotic Native Control 
Species Family FG N 
Mean 
(g) SE N 
Mean 





s   Asteraceae F - - - - - - 1 1.200 - 
Heliopsis 
helianthoides   Asteraceae F - - - 11 1.193 0.589 11 1.518 0.308 
Lespedeza 
capitata   Fabaceae LF 3 0.014 0.003 15 0.096 0.015 12 0.171 0.051 
Liatris 
pycnostachya  Asteraceae F - - - 2 0.023 0.003 1 0.004 - 
Monarda 
fistulosa   Lamiaceae F 1 0.001 - 2 0.140 0.112 5 0.045 0.023 
Potentilla 
arguta   Rosaceae F - - - - - - 2 0.007 0.005 
Pycnanthemu
m 
virginianum  Lamiaceae F - - - - - - - - - 
Ratibida 
pinnata   Asteraceae F 3 0.021 0.016 16 0.109 0.047 7 1.660 0.686 
Rosa 
arkansana   Rosaceae F - - - - - - - - - 
Rostraria 
cristata Poaceae C3  - - - - - - 1 0.268 - 
Ruellia 
humilis Acanthaceae F - - - 7 0.115 0.055 8 0.109 0.034 
Silene regia   
Caryophyllace
ae F - - - - - - - - - 
Silphium 
integrifolium  Asteraceae F 1 0.046 - 4 0.079 0.030 6 0.633 0.204 
Solidago 
nemoralis    Asteraceae F - - - 8 0.023 0.010 4 0.094 0.027 
Solidago 
rigida   Asteraceae F 1 0.003 - 2 0.025 0.020 3 0.114 0.061 
Spartina 
pectinata    Poaceae C4  - - - 1 0.079 - 1 2.700 - 
Sporobolus 
heterolepis Poaceae C4  - - - - - - 1 0.043 - 
Symphyotric
hum laeve Asteraceae F - - - 1 0.054 - - - - 
Symphyotric
hum novae-









Table A.1 Continued 
     Exotic Native Control 
Species Family FG N 
Mean 
(g) SE N 
Mean 




stricta   Verbenaceae F - - - - - - 1 0.033 - 
Veronicastru
m virginicum  
Plantaginacea
e F - - - - - - - - - 
Viola 
pedatifida Violaceae F - - - - - - - - - 





APPENDIX B.    EQUALIZING MECHANISMS ARE DRIVERS OF DIVERSITY 




Figure B.1  Mixture establishment design in MEND plots.  Mixtures were established with 4 
draws with 2 replicates in 2 blocks (n = 16).  There were 72 plants per plot of either Exotic or 
Native species.  Native-exotic treatment was crossed with a summer irrigation treatment (128 
mm or 0 mm) using a factorial treatment arrangement.  Numbers denote number of plants per 
species per plot.  Draws were made so that exotic and native species were paired by growth 






Table B.1  Species included in each of the 8 draws. 
Exotic Mixtures   Native Mixtures 
 
Draw 1 (Block 1) 
Cynodon dactylon     Buchloe dactyloides 
Eragrostis curvula   Sporobolus asper 
Sorghum halepense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Festuca arundinacea   Elymus canadensis 
Marrubium vulgare   Monarda fistulosa 
Taraxacum officinale   Marshallia caespitosa 
Cichorium intybus   Vernonia baldwinii 
Lotus corniculatus   Dalea purpurea 
 
 
Draw 2 (Block 1) 
Cynodon dactylon   Buchloe dactyloides  
Eragrostis curvula   Sporobolus asper 
Paspalum dilatatum   Eriochloa sericea 
Panicum coloratum   Panicum virgatum 
Dactylus glomerata   Nasella luecotricha 
Leucanthemum vulgare  Ratibida columnifera 
Ruellia brittoniana   Ruellia humilis 
Nepata cataria   Salvia azurea 
Medicago sativa   Desmanthus illinoensis 
 
 
Draw 3 (Block 1) 
Sorghum halapense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Paspalum dilatatum   Eriochloa sericea 
Panicum coloratum   Panicum virgatum 
Festuca arundinacea   Elymus canadensis 
Marrubium vulgare   Monarda fistulosa 
Cichorium intybus   Vernonia baldwinii 
Leucanthemum vulgare  Ratibida columnifera 




Table B.1 Continued 
Draw 4 (Block 1) 
Cynodon dactylon   Buchloe dactyloides  
Bothriochloa ischaemum  Schizachyrium scoparium 
Paspalum dilatatum   Eriochloa sericea 
Eragrostis curvula   Sporobolus asper 
Dactylus glomerata   Nasella luecotricha 
Taraxacum officinale   Marshallia caespitosa 
Ruellia brittoniana   Ruellia humilis 
Nepata cataria   Salvia azurea 
Trifolium repens   Dalea candidum 
 
 
Draw 5 (Block 2) 
Sorghum halapense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Paspalum dilatatum   Eriochloa sericea 
Panicum coloratum   Panicum virgatum 
Dactylus glomerata   Nasella luecotricha 
Taraxacum officinale   Marshallia caespitosa 
Cichorium intybus   Vernonia baldwinii 
Nepata cataria   Salvia azurea 
Medicago sativa   Desmanthus illinoensis 
 
 
Draw 6 (Block 2) 
Cynodon dactylon   Buchloe dactyloides 
Bothriochloa ischaemum  Schizachyrium scoparium 
Panicum coloratum   Panicum virgatum 
Eragrostis curvula   Sporobolus asper 
Festuca arundinacea   Elymus canadensis 
Marrubium vulgare   Monarda fistulosa 
Leucanthemum vulgare  Ratibida columnifera 
Ruellia brittoniana   Ruellia humilis 





Table B.1 Continued 
Draw 7 (Block 2) 
Sorghum halapense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Panicum coloratum   Panicum virgatum 
Eragrostis curvula   Sporobolus asper 
Festuca arundinacea   Elymus Canadensis 
Taraxacum officinale   Marshallia caespitosa 
Leucanthemum vulgare  Ratibida columnifera 
Ruellia brittoniana   Ruellia humilis 
Coronilla varia   Astragalus canadensis 
 
 
Draw 8 (Block 2) 
Cynodon dactylon   Buchloe dactyloides 
Sorghum halapense   Sorghastrum nutans 
Paspalum dilatatum   Eriochloa sericea 
Eragrostis curvula   Sporobolus asper 
Dactylus glomerata   Nasella luecotricha 
Marrubium vulgare   Monarda fistulosa 
Cichorium intybus   Vernonia baldwinii 
Nepata cataria   Salvia azurea 
Lotus corniculatus   Dalea purpurea 
 
 
SAS code for structural equation models was done using PROC CALIS in SAS version 
9.4. 
data one; 
input block$  col  row  origin$  rep$   irrig$  mix  draw  D1010  cv1009   
Greenup   select1009   Compl1009 
 RtD   Root  Can  S1010  Biom709   BCra  Temp  NBE1009   Canopy  D1009   




Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009, 
     lS1010 <--- Root, 
     lS1010 <--- BCra, 





     Canopy BCra; 
 
VAR  lS1010  cv1009  Root BCra Canopy; 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- Root, 
     lS1010 <--- BCra, 
     lS1010 <--- Canopy; 
 
pCOV 
     Canopy BCra; 
 
VAR  lS1010 Root BCra Canopy; 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009; 
 
VAR  lS1010  cv1009; 
 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009, 
     lS1010 <--- Root; 
 
VAR  lS1010  cv1009  Root; 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009, 
     lS1010 <--- BCra; 
 
 
VAR  lS1010  cv1009  BCra; 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009, 
     lS1010 <--- Canopy; 
 
VAR  lS1010  cv1009 Canopy; 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009, 
     lS1010 <--- Root, 
     lS1010 <--- BCra, 
117 
 
     lS1010 <--- Canopy, 
     lS1010 <--- select1009; 
 
pCOV 
  Canopy BCra, 
  select1009 cv1009, 
  select1009 BCra, 
  select1009 Canopy; 
 
VAR  lS1010  cv1009  Root BCra Canopy select1009; 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009, 
     lS1010 <--- Root, 
     lS1010 <--- BCra, 
     lS1010 <--- Canopy, 
     lS1010 <--- compl1009; 
 
pCOV 
  Canopy BCra, 
  compl1009 cv1009, 
  compl1009 Canopy; 
 
VAR  lS1010  cv1009  Root BCra Canopy compl1009; 
 
Proc CALIS CORR; 
 
path 
     lS1010 <--- cv1009, 
     lS1010 <--- Root, 
     lS1010 <--- BCra, 
     lS1010 <--- Canopy, 
     lS1010 <--- select1009, 
     lS1010 <--- compl1009; 
 
pCOV 
  Canopy BCra, 
  select1009 cv1009, 
  select1009 BCra, 
  select1009 Canopy, 
  compl1009 cv1009, 
  compl1009 Canopy, 
  compl1009 select1009; 
 
VAR  lS1010  cv1009  Root BCra Canopy select1009 compl1009; 
 
 
 
 
run; 
 
